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PREFACE 


First published in 1929, the aim in each edition of this book has been 
to give the latest facts and best procedures in elementary Steam and Gas 
Engineering, using simple but precise wording and clear figures in ade- 
quate amount. 

The fourth edition is completely reset, largely recast and, in the main, 
rewritten. Where needed, old cuts have been redrawn or increased in 
size. A large proportion of new cuts has been added. 


The greater emphasis remains on Steam Engineering. The work on 


steam turbines is expanded, while the presentation of reciprocating en- 





gines has been further condensed. Much new material has been added 
in steam generating and combustion equipment, and the discussion. of 
power plant cycles has been extended. 

The chapter on the laws of thermodynamics has been much enlarged, 


mainly by adding examples. The exposition of gas properties and gas 
cycles is now a larger part of the text, with a different approach and more 





examples. Refrigeration has been somewhat increased and is now asso- 
ciated with about an equal amount on air compressors and compression. 
~The table on the thermodynamic properties of air incorporates the 
most exact knowledge of the specific heats of gases now available. Ex- 
planation and examples in the use of this table are included in the chap- 
ter on gas properties and elsewhere. 

The greatly increased importance of the turbojet, the turbo-super- 
charger and other applications of the gas turbine makes the introduction 
of a chapter in that field very timely. a a eT 

The order of presentation has been changed. Fuels, combustion and 
furnaces are postponed until after thermodynamics and steam. The 
work on gases, internal combustion and refrigeration concludes the fourth _ 
edition. Answers to problems are generally given. 

The effort has been made to keep the difficulty of the material the 
same as before, with desirable student preparation being one year of 
college physics, chemistry and at least one semester of calculus. 

The text is a complete treatment of Heat Power Engineering, pre- 
senting adequate thermodynamics and descriptive material for students 
taking only one heat-power course. For students specializing in this 
field, it presents a rigorous approach. Previous editions have been used 
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viii PREFACE 


as introductory, or following a preliminary course in thermodynamics. 
Adequate material is available for two semesters or three quarters of 
study, or the book may be condensed for one semester by selection of 
desired chapters. 

We thank the many teachers and users who have offered criticism 
and commented on means of improving this edition. The comments 
and advice of Professor A. W. Klein were exceptionally complete and 
valuable. To Professor F. G. Straub, distinguished specialist in boiler 
plant chemistry, we owe thanks and appreciation for help in connection 
with feed-water treatment. 

We acknowledge the debt we owe to manufacturing companies, 
industry, technical publications and friends who have so generously 
supplied cuts, valuable data and advice for this edition. We feel particu- 
larly indebted to the Babcock and Wilcox, Stone and Webster, Combus- 
tion Engineering, General Electric, Wright Aeronautical and Westing- 
house companies. Source material is indicated throughout the text. 


Tuomas E, BurrerFIELD 
Burcess H. JENNINGS 
ALEXANDER W. Luck 


Bethlehem, Pennsylvania 
Evanston, Illinois 
Brooklyn, New York 
January 18, 1947 
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ABBREVIATIONS 


With the exceptions noted, this text follows the American Standards 
Association abbreviations for scientific and engineering terms of March, 
1941. 


Ae 


abs Absolute gpm Gallons per min 
API American Petroleum In- hp Horsepower 
stitute hp-hr Horsepower-hour 

atm Atmosphere hr Hour 

bar. Barometer in. Inch 

bbl Barrel in-lb Inch-pound 

bhp Brake horsepower ihp Indicated horsepower 
bhp-hr Brake horsepower-hour ihp-hr Indicated horsepower- 
Btu British thermal unit hour 

cm Centimeter kw Kilowatt 

cu ft Cubic foot *kwh Kilowatthour 

cfs Cubic feet per second mep Mean effective pressure 
cu in. Cubic inch mph Miles per hour 

deg or° Degree mgd Million gallons per day 
woe Degree Fahrenheit min Minute 

phe Degree Kelvin Ib Pound 

SOR Degree Rankine lb-ft Pound-foot 

diam Diameter lb per \ Pounds per brake horse- 
*ehp Electric horsepower bhp-hr{ power-hour 

*eng Engine psf Pounds per square foot 
eff Efficiency psi Pounds per square inch 
eq Equation *psig Pounds per square inch 
fpm Feet per minute gage 

{ps Feet per second rpm Revolutions per minute 
ft Foot rps Revolutions per second 
ft-lb Foot-pound shp Shaft horsepower 

{ps Foot-pound-second sp ht Specific heat 
gal Fallon temp Temperature 


* Not same as ASA, 
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SYMBOLS 


Area in sq in. hy, 
Subscript denoting air 

Subscript, absolute velocity hy 
Piston area, crank end, sq in. 
Piston area, headend, sqin. (hi 


Area in sq ft 

Gas constant H 
sp ht, vol constant hs 
sp ht, pressure constant hw 
Crank end H.E. 
Constant in PV" = C Ff, 
Number of cyl in eng Hg 
Mean specific heat HEP. 
Diam in inches i Or 1 
Diam in feet 

Double acting k 
Base of Naperian logarithms 
Thermal eff based on bhp 


k 
Internal eff of turbine K 
Thermal eff based on hp I 
Thermal eff based on kw Ts 
Stage eff of turbine 7 
Conventionaldiagramfactor [, 
Subscript denoting satu- m 
rated liquid m 


Force in lb M 
Acceleration of gravity Mi 
Acceleration of gravity M, 
standard M’ 
Subscript, saturated steam = * 
Draft, in. of water n 
Water pressure in ft head n 


The enthalpy of steam or 4 
water or ammonia 


Enthalpy of saturated liquid P 
xii 


—h,), Isentropic 


Increase of h during vapor- 
ization 

The h of dry saturated 
steam . 

(reversible 
adiabatic) h drop 

Same as h, for m lb 

Film factor, steam side 

Film factor, water side 

Head end 

Height of stack in feet 

Mercury 

High pressure 
Subscript denoting inlet 
condition 

Ratio, & 

Ratio of relative velocities 

Condenser tube constant 

Length, inches 

Length, feet 

Length engine stroke, feet 

Low pressure 

Mass per cubic foot 

Molecular weight 

Mass, pounds 

Lb steam per hp-hr 

Lb steam per kwh 

Rate flow in lb per sec 

Exponent in PV" = C 

Revolutions per min 

Power strokes per min 

Subscript, outlet condition 

Pressure in psi 

Pressure in psf 


laa 


tat 


be 


SYMBOLS 


mep, crank end, psi Ee 

mep, head end, psi U 

mep, in psi 

Heat added or taken away 
per lb 

Heat added or taken away 

Subscript denoting relative 
velocity 

Ratio of compression or ex- 
pansion, volume ratio 

Gas constant in terms of 
mols 

Prony brake arm, ft 

Reheat factor 

Subscript denoting steam 

Subscript denoting process 
at constant entropy 


!‘ta2. 235° *.o* 


Entropy per lb with sub- Vu 
scripts as in JKeenan- z 
Keyes Tables ¥ 

Entropy for M lb 4 

Temperature, deg F 

Temperature difference a 

Arithmetic mean tempera- & 
ture difference A 


Logarithmic mean temp- 
perature difference n 
Degrees F abs or deg 
Rankine 


xiii 


Torque in lb-ft 

Coefficient of heat transfer, 
Btu per hr sq ft ° F 

Internal energy, Btu per lb 

Internal energy, for M lb 

Blade speed in fps 

Specific volume, cu ft per lb 

Volume of M lb 

Cubic feet per sec 

Velocity in fps, exception- 
ally fpm 

Weight 

Work for M |b 

Work for one lb 

Subscript denoting tangen- 
tial component 

Velocity of whirl 

Quality of wet steam 

Coefficient of heat transfer 

Correction for gage location 
in pump work, ft 

Angle of steam jet 

Blade angle, rotating blade 

Difference, or temp differ- 
ence 

Efficiency 

Angular velocity, radians 
per sec 





CHAPTER I 


PROGRESS 


1. The Path of Progress.—Progress is a courageous pushing out be- 
yond the frontiers of certain knowledge and experience. 

In 1859, it took about a month to cross the United States by stage and 
railroad. ‘Ten years later, the first trans-continental railroad cut the 
time to a week. Engineering skill has resulted in improvements until 
today the rail time is only 90 hours, while the commercial airplane takes 
less than one-fifth of that time. The 16-hour air time across the conti- 


nent has the effect of reducing the country’s transportation map area to 
1/2000th of its size in 1859. _ 


Through engineering skill, man has done much to add to his comfort 
and convenience. One of the wonders of modern times has been the 
harnessing of the vast resources of the world’s chemical energy through 
the practice of steam and gas engineering. In the early part of the last 
century, industry was restricted to areas of abundant waterpower. 
Steam engines removed this restriction. Today, alternating-current 

power lines tie steam and waterpower together. Industry may go where 
it will with little regard for a local supply of either water or fuel. How- 


ever, the generating station is still dependent upon a generous supply of 


water for cooling condensers. 

The industrial plant pictured in Fig. 100 and analyzed in Fig. 116 re- 
quires 400 times as many pounds of water for cooling purposes as pounds 
of coal for supplying energy. This ratio is based on a bituminous coal 
such as is listed in Table 4 and a cooling water temperature increase of 18 
degrees. If considered as a transportation problem, this ratio of 400:1 
means that for every carload of coal now carried from mine to power 


plant, there would need to be about 5 modern trains of tank cars to carr 

water to the mine if the power plant were located at the source of fuel 
and if there were no means for cooling and re-using water. Water can be 
re-used in small power plants by running it through spray ponds or cool- 
ing towers or by surface cooling in large storage tanks or ponds. This 
example, however, serves to show why modern power plants are located 
on rivers or large bodies of water rather than at the point of fuel supply. 

















Replacement of steam power plants by gas turbines operating on coal 
may make at-the-mine power generation a feasible reality. 
1 





2 STEAM AND GAS ENGINEERING 


Improved equipment has followed advances in providing suitable 
materials and improvements in manufacturing methods. Modern steam 


Fia. 1. Hero Turbine Model 
at Lehigh University. 

Steam is generated in the 
boiler, continuously rises, and 
is admitted to the sphere 
through the supporting pipes 
and trunnions. Steam escap- 
ing from small jets directed 
tangent to their path of rota- 
tion in a plane perpendicular 
to the line of the trunnions 
reacts on the sphere to cause 
its rotation. 

The original turbine is said 
to have been used for opening 
temple doors. 

This device embodies a 
fundamental principle of all 
turbines, 





turbines or gas turbines and airplane engines 
would be impossible without the alloy metals 
and machine tools which have become avail- 
able since the early days of engines. 

Also, it is important that there has been an 
increase in knowledge of basic principles. The 
chapters which follow will present the impor- 
tant essentials of the natural laws of combus- 
tion, mechanics and thermo-dynamics under- 
lying modern steam and internal combustion 
power plants and will describe typical equip- 
ment used. 

This is an age of power. The power has 
always existed but only recently have men 
learned to use it. In the U.S.A. in 1944 about 
230 billion kilowatt hours of electrical energy 


‘were generated in stationary plants. "This is 


_equivalent to making one electrical horse 
available nearly 8 hours each working day for 
‘each of 130 million people. Diesel power pro- 
vided 1 or 2 per cent of this total while the 
remainder was approximately one-third from 
waterpower and two-thirds from steam plants. 
It is estimated that gasoline and Diesel engines 
in registered motor vehicles aggregate 14 horse- 
power per individual. Unregistered vehicles, 
agricultural tractors, etc., would materially in- 
crease this figure. Aircraft engine builders 
alone produced about 2} horsepower capacity 
per individual in 1944. Diesel engines in- 
stalled in ships for the U. 8S. Navy in i944 
amounted to 40 X 10° horsepower or another 
third of a horsepower per individual. 

2. Steam Power Development.—lIt is in- 
teresting to note some of the steps leading to 
our present wealth of power. 
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noteworthy that Hero had the basic idea of jet propulsion but applied it 


only to producing rotation as in modern turbines. 
Newcomen’s engine, 1705, was the first widely used reciprocating 
steam engine. 
James Watt made a notable improvement in the use of steam by his 
important invention of the separate condenser in 1763. His invention 


was the direct result of careful and prolonged thought given to the great 





Fia. 2. Model of Newcomen Atmospheric Engine at Lehigh University. 


Steam generated in the boiler at the left is admitted to the bottom of the steam cylinder 
at left center to permit the weight of the water piston and chain on the right to cause 
clockwise rotation of the beam. After the steam piston reaches the top of its cylinder, 
the steam supply is shut off only when the escape of steam from a valve at the bottom 
of the cylinder indicates that air is eliminated and the cylinder is full of steam. Then a 
small amount of water is sprayed into the bottom of the steam cylinder causing rapid 
condensation of the steam and creating a vacuum so the pressure of the atmosphere on 
top of the steam piston causes its descent and the raising of the water above the water 
pina Note that the water piston may be at any elevation below the beam so as to_ 
.e near the level of water supply. This permitted operation of the engine above ground 
to pump water from deep mines. Also note that one stroke is caused by a preponderance 
of weight on the right and that the working stroke results from the preponderant weight. 


of the atmosphere on the steam piston at the left, when condensation causes a vacuum 
in the steam cylinder, 


\ While Hero is credited with an early steam turbine, Savery’s pumping 
This device embodies a fundamental principle of piston-and-cylinder engines. 


\ engine of 1698 is the earliest_recorded commercial use of steam, It is 





4. STEAM AND GAS ENGINEERING 


steam consumption of Newcomen’s engine. As a mechanic at the Uni- 
versity of Glasgow, Watt was engaged in repairing a model of Newcomen’s 
engine like the model pictured in Fig. 2. He became interested in a 
consideration of the small amount of steam theoretically required to 
operate the engine compared to the great amount of steam actually re- 
quired. Pondering this, he conceived the use of a separate condenser. 

Corliss engines embodied mechanical refinements permitting thermo- 
dynamic advantages that made these engines of great importance in the 
latter part of the 19th century. 

By the end of the 19th century, the high-speed engine had established 
itself. “High-speed” means 250 to 600 rpm as compared with about 75 


rpm for Corliss engines. Whereas the Corliss engine was well suited to 
belt drive of mill shafting, the high-speed engine could be directly con- 
nected advantageously to electric generators. 

As the polyphase alternating-current motor grew in favor in the early 
part of the 20th century, a shift from manufactured to purchased power 
occurred which stimulated central station development and the change 
from engines to turbines as prime movers. Reciprocation is an inherent 
limitation to high speed and great power in any engine so steam turbine 
development was inevitable. Progress was rapid by 1910. 

History repeats itself in steam engineering as elsewhere. Mill 
owners using Watt engines gradually added machinery until their engines 
were inadequate for further demands. In 1845, John M’Naught intro- 
duced a plan for meeting this shortage by the addition of a higher pres- 
sure boiler to operate a high-pressure cylinder he added to Watt’s en- 
gines. Exhaust steam from his cylinder operated the original Watt 
engine. Engines thus improved were said to be M’Naughted and were 
found to have greater economy as well as more power. This was an 
application of Jonathan Hornblower’s patent of 1781 for a compound 
engine to use steam partially in one cylinder and complete its expansion 
in another larger cylinder. An important repetition of history comes 
with the “topping turbines” of the 1930’s. About 1920, extensive power 
plant development was commonly at pressures of 200 to 300 psi, and with 
a multiplicity of boilers for generation of steam. To increase station 
capacity and economy, so-called “topping” units were installed. This 
involved the substitution for several original boilers of one large-capacity, 
high-pressure boiler to supply a high-pressure turbine exhausting against 
pressure slightly above that of the initial pressure of the original turbines. 
These were then operated on exhaust steam from the “topping” turbine. 

The improved economy of “topping” is realized in new stations by 
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designing them to use the highest practical steam temperatures and 
pressures. This is in line with the theory expressed in 1824 by N. L. 
Sadi Carnot. Carnot showed that efficiency was dependent upon the 
temperature range used in the working medium. Another fundamental 
principle was that of “the conservation of energy’ enunciated by James 
Prescott Joule in 1843. Rankine’s ‘““Manual of The Steam Engine” in 
1859 was the first attempt at a systematic treatment of the theory of 
steam engineering. 

3. Gas Power Development.—There has been equally interesting 
progress in gas engineering. Internal combustion developments formerly 
lagged behind steam developments but this is no longer the case. The 
internal combustion engine long ago superseded steam for power in 
automobiles. It is giving the steam locomotive keen competition and 
constitutes the major portion of marine power. However, the size of 
units shows no such comparison. Units as large as 5000 hp are extremely 
rare, but engines of 1000 and 2000 hp for use in airplanes are numbered in 


the thousands while those between 50 and 150 hp are numbered in the 
millions for automotive use. 

Like early steam engines, the first gas engines depended upon atmos- 
pheric pressure for their force. Fig. 3 shows a free-piston engine as 
improved in practical details by Otto and Langen and displayed in 1867 
at the Paris Exposition. It was characterized by its noise, rapid expan- 
sion, 6:1 compression ratio, partial use of vacuum, and great economy of 
only 44 cu ft of gas per brake horsepower hour. 

The importance and need for compression were known in 1860, and 
in 1864 Beau de Rochas expressed the following four principles of opera- 
tion which are well met in the so-called four-stroke cycle. (1) There 
should be a maximum of cylinder volume per unit of cylinder surface. 
(2) Expansion should occur with maximum rapidity. (3) There should 
be a maximum ratio of expansion. (4) There should be a_ maximum 
initial pressure. 

The year 1876 marked the appearance of the Otto ‘‘silent”’ gas engine 
employing the principles of Beau de Rochas, and in 1878 Dugald Clerk’s 
design of a two-stroke cycle engine with separate cylinder for compressing 
gas and air came into use. The early part of the 20th century saw the 
development of large blast furnace gas engines such as those pictured in 
Fig. 238. 

Engines had been operated on gas, but about 1880 the first gasoline 
engine seems to have been obtained by injecting gasoline into the air 























6 STEAM AND GAS ENGINEERING 


intake pipe. This was a marked advance because gasoline was a waste 
product and natural gas was not available throughout the country. 
During the 1890’s there was development of engines to use heavy oil. 


Such engines are generally known today as Diesels from Dr. Diesel who 





Fig. 3. Otto & Langen Gas Engine. 
(Courtesy of Lehigh University.) 

The gas is supplied to the large shallow drum at the right. A diaphragm permits a 
uniform input but periodic rapid output to meet the sudden momentary demand of the 
large engine. ' ’ 

‘At the lower right is the slide valve to permit a pilot flame to communicate with the 
gas and air mixture within the cylinder. b . 

Explosion of the gas and air mixture throws the free piston violently upward. 
The piston rod carries a rack on its back face. The rack engages a “free-wheeling” gear 
on the shaft. At the end of the free upward travel, the top of the piston rod is above the 
top of the flywheel. When it starts to fall, the gear engages the shaft and the weight of 
the falling piston and atmospheric pressure furnish the driving force. 4 

The flyball governor causes the gear to lift the piston a short distance to draw in a 
charge of gas and air as needed. The piston then falls a short, distance, compressing 
the gas halos its ignition by the pilot flame through the slide valve. : 

his 4 hp engine of 1866 weighs more than a modern 1000 hp airplane engine. 
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developed the high-pressure cycle patented in 1892. The first engine 
was built in this country in 1898. 


As the steam turbine followed the development of the steam engine, 
the gas turbine followed the internal combustion engine. This is largely 
because of difficulties with materials at high operating temperatures. 
One of the first practical gas turbines appeared in 1905 and in 1909 a 
small machine was in regular operation. Recent years have seen notable 
progress in this field. 

As with the engines, high initial pressure is needed for efficient opera- 
tion, so turbocompressor design is of prime importance. The idea of jet 
propulsion from internal combustion is a case of seeking the most direct 
application of the energy to its ultimate use. Its main difficulty is lack of 
compression. 

The progress in steam and gas engineering so briefly outlined here can 
only be suggestive of the great things accomplished and of the oppor- 
tunities open for further progress. The accomplishments in improved 
fuel consumption have hardly been mentioned, and the important fields 
of refrigeration and compressed air wholly neglected. The pages to 
follow, however, furnish a presentation of basic theory involved in the 
broad understanding of steam and gas engineering. . 








CHAPTER II 


ENERGY, UNITS, LAWS OF THERMODYNAMICS 


4, General.—Steam and Gas Engineering is concerned with the ideal 


and the actual performance performance of apparatus used for: (1) converting the 


energy of fuels into mechanical and electrical energy, (2) utilizing mechan- 
ical energy for causing heat to flow from cold bodies to hotter bodies, and 
(3) using mechanical energy to raise the pressure of fluids. The steam 
power plant, the gas power plant, the refrigeration plant, the air and the 
gas compression plants and the liquid pumping plants are all included 
in this field. 

Thermodynamics deals with energy and its transformations. This 
science underlies steam and gas engineering. It includes the study of 
forms of stored energy, of energy flow and of ways of using energy to do 
work and cause changes in matter. 

Slide-rule accuracy is usual in performance calculations, but engineer- 
ing units must be defined with precision. 

5. Simple Units.—The foot-pound-second system is used almost 
exclusively in engineering in the United States. Some units of the 
centimeter-gram-second (C.G.S.) system are in use and will be defined. 
The foot (of 12 inches) and the inch are the common units of length; with 
area units, the square foot of 144 square inches; and volume unit, the 
cubic foot, of 1728 cubic inches. Another volume unit is the gallon, 











defined as 231 cubic inches. It is used in the U.S.A. The British Im- 


perial gallon is 277.418 cubic inches, which volume of water weighs 10 
pounds at 62°F. The metric unit of length, the meter, is (closely) 
39.37 inches. The relation, one inch equals 2.5400 centimeters (cm) is 
set by the Bureau of Standards, the quantitative ratio being fixed by act 
of Congress. Weight W is the force of gravity acting on a mass M. 
The unit of mass (M) is one pound mass. The unit of force, called a 
pound force, is the force required to accelerate a one-pound mass at the 
rate of 32.174 ft per sec per sec (go) or (g). It is also equal to the weight 
acting on one-pound mass at a place where the acceleration of gravity 
(go) is 32.174 ft per sec per sec (980.665 cm per sec per sec). At any other 
place, where the acceleration of gravity is g, the gravitational force on a 
8 
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mass M is M 7, Pounds.* Similarly, the force F in pounds to produce an 
0 


acceleration a ft per sec per sec is: 


F=mMe. (1) 

go 
The variation of g is negligible in nearly all engineering calculations. 
The weight of a body is only proportional to its mass, but g and go differ 
so slightly that mass and weight are almost equivalent expressions. The 


slug is defined as go pounds mass, or the mass in slugs (J7,) equals mass 
in pounds (Jf) divided by go. Then, from eq 1: 











iE arms ie (2) 
arse! (0) eo 


Evidently, one pound of force will accelerate one slug at the rate of one 
ft_per sec per sec. The ratio of the pound mass to the gram mass is 
453.59243, or one kilogram equals 2.204622 pounds mass. The dyne is 
the force required to accelerate one gram at the rate of one cm per sec 
per sec. Therefore, one dyne is 2.248089 times 10~® pounds force. : 
Specific gravity is the ratio of the mass of a unit volume of a substance 
to the mass of a unit volume of water at a specified temperature, usually 
39° I F. Or it is the ratio of the mass of unit volume of gas to that of 
air at the same pressure and temperature. Specific volume is the volume 
oceupied by one-pound mass of a substance under specified temperature 
conditions. It is expressed as cubic feet per pound. Density is the mass 
of unit volume of a substance under specified conditions of temperature 
and pressure, or it is pounds per cubic foot. From the definitions ‘of the 
two, density and specific ‘volume are reciprocals. 

Temperature is a measure of the hotness of a body. Temperature 
difference causes heat to flow from a hotter to a cooler region. 

The common temperature scales are the Fahrenheit (I) and Centi- 
grade (C). The Fahrenheit scale is the more common in engineering 
work. The datum points for these scales are the temperature of melting 
ice marked 32 on the Fahrenheit scale (0 on the Centigrade) and the 
temperature of vaporization of water at 14.7 psi marked 212 on the F ~ 
(100 on the C) scale. This range represents 180 degrees on the F scale 
and correspondingly 100 degrees on the C scale. The temperature limits 
can be extended above and below these datum points with equal sized 
degree increments down to the absolute zero of temperature. Mercury- 
































” Where weighing is done by comparing gravitational force on an object with the 
gravitational force on standard masses, the result recorded is in units of mass. 
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in-glass thermometers are graduated in either system and are applicable 
from —39° F, the freezing point of mercury, to nearly 1000° F, if nitro- 
gen-filled to keep the mercury from vaporizing. Thermocouples, elec- 
trical resistance thermometers and optical and radiation pyrometers are 
also used in appropriate ranges for measuring temperatures. Tempera- 
tures in the F or C system can be converted by: 


tr = 2 + 22, (3) 
5 4 
te = 9 (tr — 82). (4) 


The absolute zero of temperature is at — 460° F, or —273° C.* Tempera- 
tures above absolute-zero-in either system are designated by the letter T 
and called degRankine (R)/for deg F absolute, and are called deg Kelvin 
(K) for deg C absolute. Then: 


SS ; 
Tr = tr + 460, (3a) 
To = te + 2738. (4a) 
6. Compound Units.—Work is the energy transferred by a force acting 


through a distance. It is energy in transition. Its amount is the product 
of the force times the distance through which it acts. Work is done for 
example when a mass (which has weight) is lifted, when a spring is com- 
pressed, when a shaft is turned against a torque and when a body is slid 
over a rough surface. 

The foot-pound is the work done when a pound force acts through a 
distance of one foot, or when a pound mass is raised one foot (with the 
value of g equal go). A small C.G.S. unit of work, called the erg, is 
that done by the force of one dyne acting through a distance of one centi- 
meter. ‘This is sometimes called the dyne-centimeter. A larger C.G:S. 
unit of work, the theoretical joule, is defined as 10’ ergs, equal 0.737566 
foot pounds. By electrical measurements, what is termed the inter- 
national or IT joule has been determined to be equivalent to 1.00032 
theoretical joules, or equal 0.737798 ft lb. 

Power Units. Power is the rate of doing work or work done per unit 








time. More broadly it is the time-rate of energy expenditure. ‘A small 


unit of power is one foot pound per second. ‘The horsepower, a most 
common unit of power, is 550 ft lb per sec. This equals 33,000 ft Ib per 


min and 1,980,000 ft lb per hour. The IT watt is one IT joule per sec, 
*See Sect. 29. 
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and the IT_kilowatt is 1000 IT joules per sec (equal 737.798 ft lb per sec 
or 1.341 hp.) The designation IT is usually omitted. 

Heat Units. The British thermal unit, also called the Btu, has long 
been defined as 1/180 part of the energy required to raise the temperature 
of one pound of water through the 180° between 32°F and 212°F. 
The investigator, Joule, set up an apparatus in which water was agitated 
by rotating paddles and the energy absorbed in heating the water. The 
mechanical energy expended was accurately measured in ft-lb, and the 
Btu absorbed by the water was found by measuring the weight of water 
agitated and its temperature rise. He found that one Btu was absorbed 
for each 778 ft lb of work expended. This proved that the mechanical 
energy used was not destroyed but that it was converted to another form 
of energy. 

In 1929, at an international Steam Tables Conference, the heat unit 
was redefined in terms of electrical energy units, or: 


: 1 
1 IT calorie = 360 IT watt hour. (5) 


The calorie is defined as the heat to raise one gram of water from 14.5° C 
to 15.5° C. Assuming the specific heat of water at 15° C to be the same 
as the average sp ht from 32° F to 212° F, the relation of the calorie to the 
Btu is: 


_1 calorie = 2.204622 x 1.8 X 10 = 3.96832 < 10-* Btu. (6) 


As the IT watt is 0.737798 ft lb per sec, the IT watt hour is 3600 times this, 
or 2656.073 ft lb. Substituting in eq 5: 


3.96832 X 10-* Btu = 2656.073/860 = 3.08846 ft Ib. (7) 


Solving eq 7, one Btu = 778.28 ft lb. More closely, this is 778.26. For 
precise computations, this value of the Btu will be used. 


The IT kwh (or simply kwh) is 860 X 3.96832 = 3412.6, or 3413 Btu. (8) 





7. Pressure.—Pressure is force per unit area, usually in pounds per 
square inch (psi) or lb per sq ft (psf). The standard atmosphere, by 
definition, is the pressure due to a column of mercury 29.92 in. high 
(76 cm) and at 82°F. This is equal to 14.6959 psi, or 2116.2 psf. The 
bar, commonly used for (variable) atmospheric pressure, is 10° dynes 
per sq em, or 14.5038 psi. 

Pressure head or simply head is the term used to express the pressure 
due to the weight of a column of liquid. At 60° F a cubic foot of water 


=~ 


\ 
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weighs 62.36 lb and one foot head of water at this temperature is equiva- 
lent to a pressure of 0.4331 psi; also, one psi is equivalent to a head of 
2.309 ft. At other temperatures, the density of water may be found as 
the reciprocal of its specific volume which is given in the fourth colnm 
of Table 1, Properties of Steam by Keenan and Keyes. At 32° F, 
mercury weighs 0.49115 Ib per cu in., and one lb per sq in. corresponds to 
.035 in. of mercury. 
SS, nes pg a i or en is a U-tube about half filled with 
mercury. If the two open ends of the tube are connected to regions hay- 
ing different pressures, the mercury will stand at different heights in the 
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Fra. 4. Diagram to Illustrate Gage and Absolute Pressures. 


two legs; and the difference in height of mercury in the two legs will be 
the difference in head of the two regions, expressed in inches of mercury. 
The pressure in a steam condenser is usually less than atmospheric 
pressure. It is seldom convenient to measure this pressure directly. 
“However, the atmospheric pressure is always measured by the mercury 
barometer. The excess of atmospheric pressure over the pressure in the 
condenser is readily measured by the mercury column. ‘This difference 
is called vacuum and is commonly expressed in inches of mercury. Then, 
‘the atmospheric pressure less the vacuum, both usually expressed in 
inches of mercury, is the absolute pressure in the condenser. vi 
Similarly, the absolute pressure existing within a steam boiler is 
never measured directly. A pressure gage, attached to the boiler, 
measures the excess of boiler pressure over the atmospheric pressure. 
The reading of the pressure gage is called gage pressure. The absolute 
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pressure within the boiler is evidently equal to the gage pressure plus the 
atmospheric pressure. As gage pressure is commonly read in pounds per 
square inch and atmospheric pressure is commonly read in inches of 
mercury column, the two pressures must be expressed in the same units 
before they are added. Fig. 4 is drawn to illustrate the particular case of 
a standard barometric (atmospheric) pressure of 29.92 in. mercury (Hg) 
(14.7 psi). Here 10 psig, gage pressure, added to barometric pressure 
gives the absolute pressure of 10 + 14.7 or 24.7 psi; and 27.0 in. Hg 
vacuum subtracted from barometric pressure (29.92 — 27.0) gives 2.92 
in. Hg absolute pressure. The barometric pressure is a convenient datum 
in making pressure measurement but zero pressure must be used as the 
datum in nearly all computations, and when this is the case pressure is 
called absolute and computed as indicated above. Unless otherwise 
stated, all pressures in this text are absolute. 

ExampLe 1.—Atmospheric pressure is found from barometer reading to be 29 in. 
Ng. The vacuum in a condenser is 6 in. Hg. Find absolute pressure in condenser. 
Abbreviation for absolute pressure, pounds per square inch, is psi. 

Solution.—Condenser pressure is 29 — 6 = 23 in., or 23 X 0.491 = 11.3 psi. Ans. 

ExampLe 2.—The gage pressure of a boiler is 105 psig. The barometric pressure of 


the atmosphere is 30.2 in. Hg. Find the absolute pressure in the boiler. 
Solution.—Absolute pressure in the boiler is 105 + (30.2 X 0.491) = 119.8 psi. Ans. 


8. The First Law of Thermodynamics.—The law of conservation of 
energy constitutes the first law of thermodynamics. This states : energy 
can _be converted from one form to another but cannot be created nor 
destroyed.* 

A study of several forms of energy will be made to show their relations. 

9. Mechanical Energy.—Perhaps the earliest quantitative conception 
of energy is obtained from measuring the exertion or work required to 
raise a weight vertically, or to make it slide upward along an incline. 

From Sect. 6, the amount of work done in raising the weight is, 


W = FL, (9) 








or, for a variable force F, 
W= i Fal, (10) 


where W is work in ft lb to raise the weight , F is the force in pounds and L 
is the distance in feet, the force has moved upward. 

Kinetic Energy.—When an object having mass, such as a ball, is 
thrown upward, a force either constant or variable is exerted through the 


* Although mass and energy are convertible, processes of this type do not occur in 
engineering. 


1} 
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distance the hand moves while propelling the ball. The ball, rie 
with zero velocity, reaches its maximum velocity when it leaves the hand. 
The work done on it has been transformed to kinetic energy. : 
The kinetic energy of the ball may be evaluated by equating it te ¥ 
work done by its weight W in extinguishing the vertical velocity V whic 
it leaves the hand. 
pai es downward acceleration of ‘gravity qg will ee ir 
velocity V to zero in V/g seconds, during which time the mean ve ae 
is V/2. The distance L traversed by the ball while being broug Co) 


rest is: 


Wier OW 
L = Time X average speed = % ee ym (11) 
The initial kinetic energy must equal the work done by gravity, or 
yz 
KE = Gravity work = W aa (12) 
g 
Then, because the acceleration of gravity is g, by eq Ll: 
= ey Be (13) 
We i x mm 
Finally, in terms of mass and go, 
MLV (14) 
KE = 3 Xo 


More carefully stated, due to the relative velocity of the ball and the 
earth, a certain amount of energy, commonly called the sage a 
of the ball, may be realized as work, or other form of iio se ie 
velocity is extinguished. The kinetic energy does not reside in e eels 
but in the system, and is available to do work because of the eae. 0 ae 
ball and the relative velocity existing between ball and earth. . ag 
ample, the kinetic energy of the ball relative to the sun is many ti 
gi eh kinetic energy of the ball permits it to continue upward, ye ome 
ing the resistance of its own weight (or the attraction cath ah a 
and the ball travels to the highest point in its path, at w ic : ae is 
kinetic energy has all been ican Zi work done against gravity. 

i is friction of air is neglected. 
2 A Sis ae against gravity, equal to the weight of the Pot rie 
the height to which it is thrown, is not lost but reappears as pote 
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energy. Gravity in pulling the ball down will do an amount of work 
equal to the weight of the ball times its distance above any assumed 
datum, The ball is therefore said to possess this amount of potential 
energy in its elevated position. More precisely stated, the potential 
energy does not reside in the ball alone but in the ball and earth together. 
However, this amount of energy is associated with a particular position 
of the ball and it will be called the potential energy of the ball. 

The terms work, kinetic energy and potential energy, when applied 
to bodies of appreciable size, will all be classified as mechanical energy. 

10. Heat.—Heat _is energy in transition, flowing from a hotter to a 
colder body under the driving effect of a temperature difference. The 
heat transfer modes of conduction or radiation singly or together are 
associated with heat. Heat absorbed may be partly converted to work 
or changed into the internal energy of the absorbing medium. 

11. Internal Energy.—Internal energy resides or is stored in bodies as 
potential energy due to forces acting, or as kinetic energy in the trans- 
lational, rotational or vibrational form of extremely minute particles, 
and may be intermolecular or intramolecular, or both. It is not in 
general possible to add the energies of the individual molecules by statis- 


tical methods. However, for _a definite substance, existing in a single 
phase (solid, liquid or vapor), any two of its properties can completely 
determine its internal energy; for example: pressure and temperature; 
temperature and volume; pressure and volume; with combinations of 
other properties, not yet defined, also possible. In the case of a true 
gas where there is no attraction between molecules, the internal energy 
depends on temperature alone. Arbitrary datum points are used. 
Internal energy may also be increased by the conversion of work 
through the agency of friction. Two rough-surfaced bodies become 
“hot,” or have their internal energy increased, on being rubbed together. 
lor example, sparks of incandescent material fly off when a steel tool is 
pressed against a rapidly rotating grinding wheel. Water, or any other 
liquid, when agitated, as by a rotating paddle, receives a turbulent motion. 
As the motion is damped out by fluid friction, the kinetic energy of the 
rapidly moving water currents is converted to the internal energy of the 
molecules and atoms of the water, and is evidenced by a rise in tempera- 
ture of the water. Energy so transferred is not heat but is friction work, 
though the resulting molecular movements in the two cases of heat trans- 
fer and friction are similar. In both cases the heat and work energy are 


transitional forms of energy but can be converted into stored energy in 
internal energy form. 











16 STEAM AND GAS ENGINEERING 


12. Heat of Combustion (Calorific Value) is the energy reledsed dur- 


ing the chemical combination of a combustible material with oxygen. 


Thus when carbon combines with oxygen (burns) 14,600 Btu are released 
for every pound of carbon changing into carbon dioxide. This type of 
energy is measured by a calorimeter. In a calorimeter the fuel-oxygen 
(or fuel-air) mixture is burned and the products of combustion cooled to 
the initial temperature by water. The internal (chemical) energy orig- 
inally residing in the air-fuel mixture becomes sensible in the products but 
at a higher temperature. The heat absorbed by the cooling water from 
the hot products of combustion is the calorific value of the fuel. 

Electricity which is associated with the movement of electrons and 
ions will not be considered in this text as no flow of electric current is 
involved in any of the processes discussed. 

13. Process, Cycle.—In all forms of the heat-power plant, steam or 
another vapor or a gas, such as air, hydrogen, or even a liquid such as 


water, may be used as an agent to receive or give out heat, work or other 
forms of energy. The name used for such agent is working medium, or 
simply medium. 

To obtain useful work in a heat-power plant, the heat of combustion 
of the fuel (and air) is transferred to, or becomes sensible,* in the working 
medium. The hot working medium must then be expanded from a 
(relatively) high pressure to a low pressure (with an associated fall in 
temperature) in the engine or turbine. Finally the working medium 
must be moved from the engine or turbine and reject heat at a lower 
temperature. 

Fach of these changes in the condition or state of the ‘working medium 
is called a process. The properties of the working medium change during 
each process. But it is also true that, in each process, one of the proper- 
ties almost always remains constant. For example, heating in a steam 
boiler usually occurs with pressure constant whereas heating in an in- 
ternal combustion engine most often takes place with volume constant. 
During expansion from high pressure to low pressure, a property called 
entropy remains constant in many processes. During certain ideal 
processes temperature remains constant, and this is closely approximated 
in some actual processes. It is accordingly convenient to describe, define 
or characterize most processes by naming the property of the working 
medium that remains constant. 

In some heat-power plants, actually, and in all such plants ideally, 

* Sensible, evident to the senses, as when the energy in a gas is evident because the 
gas is hotter. 
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the same working medium is used again and again, going through the 
sume series of processes repeatedly in the same piece of apparatus or the 
nume pieces of apparatus. Such a series of processes, in which the work- | 
ing medium returns to any initial state, is called acycle. - . 
14. Reversibility—The major purpose of heat-power plants is to 

convert heat into work. Experience has shown, and it has been proved 
by theory, that the greatest amount of work may only be obtained from a 
piven amount of heat if every process used is reversible. A process is 
reversible if every body involved can go through the process in the reverse_ 
direction and if the same flow of energy may occur in the reverse direction 
‘This may be best illustrated by examples: (1) Heat flows from the net 
l\wnace gases in the combustion chamber of the steam boiler to the steam 
and water inside the boiler which are at a lower temperature. It is 
evident that the heat could not retrace the process and flow bron the 
cooler steam to the hotter furnace gases. This process is therefore 
irreversible. Indeed every actual process involving heat flow must be 
i reversible because heat only flows from a hotter to a colder body. But 
hy keeping the temperature difference as small as possible ereity 
may be closely approached and the best performance Sgn (2) If a 
spring is compressed or if a weight is lifted, perfect reversibility may be 
ideally reached. There is no unbalance of forces or of velocities in either 
case. (8) If the pressure of steam entering a cylinder is greater than 
(he pressure exerted against the face of the piston, the process of admitting 
steam to do work on the piston is irreversible, whereas if the ports for 
udmitting steam to the cylinder are made so large that there is no pres- 
sure drop from the entering steam to the piston face the process is re- 
versible and there is no loss involved. Comparing (1) and (3), we may 
generalize and say that where there is an unbalance of either teanorateke 
or pressure or velocity in the path of energy flow, the process is irreversible. 
(1) Any process accompanied by friction is irreversible. If two bodies are 
lirmly pressed together and caused to slide along the surface of contact 
the relative motion is resisted by friction. The energy absorbed . 
‘friction work’”’ raises the temperature (increases the internal energy) 
of both bodies. The process cannot be reversed because as the bodies 
wool off they cannot generate mechanical work. 

15. The Non-Flow Energy Equation.—The first law of Thermody- 
namics applies to any body, or to any space or region, into and out of 
which matter and energy may flow. 
| In certain cycles or processes the working medium may remain in a 
single cylinder or vessel during a process or during an entire series of 
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processes which constitute a cycle. Even though the cycles may be 
repeated very rapidly, the working medium remains in the cylinder 
_throughout the processes of the cycle. A process 288 of this type is charac- 
terized by the name non-flow process. Three types of energy change 
may occur: (1) heat receipt or heat rejection by the working medium, (2) 
increase or decrease of the internal energy of the working medium, and 
(3) work done by or on the working medium. Heat receipt will be 
designated _by @:._A negative value for this term is heat_rejection. 
Work done BY the working medium will be designated by Wo. If Wo 
has a negative numerical value, work has been done on the medium. 
Then: 





Qi = Uz— U1 a Wo. (15) 
Heat Equals Increasein Plus Work 
Added Internal Done 
to Energy of by the (16) 
Medium the Medium Medium 


U; is internal energy of the medium initially and U2 is its final internal 
energy, in Btu. W indicates work, in Btu OF in ft lb. 

Consider first the case of water and steam in a boiler, of which the 
inlet_and_ outlet valves are closed while heat is being added to bring the 
charge to the desired steaming conditions. No work is done on the 
aqueous charge (the working medium) because the boiler shell is so rigid 
that expansion is negligible. Eq 16 then becomes: 


Qi = U2 —Ui+0. | (17) 


Therefore the heat added (Q:;) is all transformed into increased: internal 
energy (U%, final, greater than Uj, original). If the steam boiler under the 
same conditions were cooling off, U; would exceed U2 in magnitude giving 


Qi a negative value, indicating heat rejected from the system. 
Consider the expansion stroke of an engine with a charge of hot gas in 


the cylinder under pressure forcing the piston outward and doing work 
against an external resisting force. If the cylinder were perfectly insu- 


lated so that no heat transfer to or from it took place, Qi = 0. Then 
0 = Uz, — U1+ Wa, (18) 
Wo = U, —. U2, (19) 











or the work done by the expanding gas exactly equals the decrease in 
internal energy. Such a process in which no heat is added or removed is 
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called _adiabatic. If the engine, as considered above, lost some heat, _ 


such as would take place to the cooling jacket of an internal a es 
cylinder, then, from eq 15 


Wo = Ui- U2+Q, (20) 


but Peat, remover sates Q1 minus, and for a given change in U the work 
delivered is reduced by the magnitude of the heat loss. 

16. Steady Flow Process—General Energy Equation.—Steady flow. 
exists in a region of unchanging contour, through which a fluid is passing, 
if the ‘properties of the fluid (or medium) at any point do not change > with 
time. Under these conditions, the total energy within the region remains 
unchanged and the rates at which both energy and matter enter the 
region equal the rates at which they leave. In steady flow, an additional 
form of energy called intrusion energy, or more commonly flow work, is 
significant. To compute this, call the area of cross-section of the passage 
at the place of entrance A, sq ft and the pressure of the region and the 
medium at this point P; psf. Assume that the medium enters in the 
form of a prism of cross-sectional area A; and length Li. The force 
resistance is /” = P; X Ai and the work done on the region in pushing 
the medium in will be F X Li = P,AiL, = P,V; in ft lb, because 
A Ly = Vi. 

(a) That is, the Flow Work in ft Ibis Pi1Vi. A corresponding expression 
2V2 applies at exit from the region. For flow of a small volume, 


dW, = Pav, (21) 











or 


AW = PAV. (21a) vA 


In addition to intrusion energy (flow work) the kinds of energy asso- 
ciated with a medium entering a region under Bently flow conditions are: 





(b) Kinetic Energy = (KE) = ty, ft lb, (22a) ¥ 
or ost e iia 
bot) “ae 5 vf Ib per Ib, (22p) 

where V is in fps and M is in pounds mass. 
(c) Internal Energy = i= M U Btu, (23a) 
where wu is internal energy in Btu per Ib. Also 

778U = 778Mu in ft lb. (23b) 
(d) Potential Energy = Mz ft Ib, (23c) / 


\ 
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where z is the elevation above any datum. This energy is usually insig- 

nificant in comparison to heat magnitudes and will be disregarded ex- 

cept in certain computations involving the pumping of liquids. 

(e) Heat added to mass M = 778Q: = 778M q, ft Ib, (24) 

where qi in Btu per lb is the heat received per unit mass. 

(f) Work done by M lb of medium is Wo = Mwo. (25) 
done by one pound of medium is Wo. 

per Enthalpy—(H or h) is a thermodynamic property defined as the 

sum of two other properties;)~ = 


Lan 


PV gi “ (26) 
H = U + 778 Btu, 
Po (26a) 
os —— lb, 
h=ut+ 778 Btu per 
kas (260) 
H = uh = M (w+ Fe) Bou. 


18. Steady-flow Energy Equation.— Multiplying H orh by rit 
verts to ft lb. Assembling these forms of energy into one equation bas 
on the first law of thermodynamics, there results: 


; ; , t added to medium __ 
E entering with the medium + Heat added 
Brow Ro leaving with the medium + Work done by the medium. (27) 


The energy entering and leaving with the medium includes internal en- 
flow work and kinetic energy. : 

Bie what follows, Qi represents heat received by the medium.snd. e 

stands for work done onit. Qo and W» stand for heat rejected by and for 


work done by the medium, respectively. The symbol (ke) stances i 
kinetic “energy in ft lb per Ib equal V?/2go, and (KE) the same 
pounds. Subscript i for energy in, and o for energy out. 


Expressed in symbols, eq 27 becomes in ft Ib: 
/PV 1 (KE): 4(778U i + 778Q1 = P2V2 + (KE)2 +. 778U2 + Wo. (28) 
= ‘Combine U a ip as enthalpy, and solve for Q1, (Qo and Wi = 0) 
= 7780: = 778(H a H,) + Wo + (KE)2 — (KE): ft lb. (29) 
The same expressed in Btu is: 


KE), — (KE) 
Q: = (Ha — Hy) + We + SEB, (30) 
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and in Btu per lb, 


ke)o — (k 
qi = (he — hy) + wm + (ke)2 — (ke)s (31) 
778 
Expressed in words, eq 31 states that the heat received by the medium 
in Btu per Ib is equal to the increase of enthalpy plus the increase in 
kinetic energy plus the work done by the medium, all in Btu_per lbs 


\ negative numerical value for qi means heat rejected, as does a positive / 


numerical value for go. But a positive numerical value for Wo means 
work done by the medium and, if wo is negative, work was done on the 
medium. = 
Contrast of steady flow energy equation and non-flow energy equation. 
lor non-flow, 
G1 = (Uz — w1) + wo. (15a) 


Note that the steady flow equation has u replaced by h and in addi- 
lion the steady-flow equation has the kinetic energy term. They are 
oth energy equations, but the steady flow equation is more general 
hecause it considers flow. Additional terms covering electrical and other 
lorms of energy are not needed in steam and gas engineering. These 
(lifferences alone exist in the two equational forms and when, as is fre- 
(juently true, kinetic energy change is zero or trivial an exactly analogous 
form applies to eq 30 and 15 with H and U interchanged. 

19. Applications of the Energy Equation. Boiler.—The boiler usually 
operates as a steady-flow pressure device into which water is pumped to 
he heated and evaporated. The resulting steam is led away (sometimes 
(\hrough a superheater) to an engine or turbine, if power is desired from 
(he steam. The boiler itself does no work and has no work done on it 
v0 that the W term in eq 30 or 29 is zero. Also, if the pipes leading to 
nd from the boiler are properly sized the velocity in each is low and their 
he difference negligible; thus: ee 


eh pa Pave > | 
\ A 


Qs = H, — Hy, Btu, squok Ts : ; (32) 





or Lf olpy: 
qi = he — h, Btu per |b of steam, (33) 
where he and hy, are respectively the enthalpy per lb of steam leaving and 


per lb of water entering the boiler. H, = Mh, and H, = Mh, where M 
i» |b of steam total or per hr, or any convenient basis can be used. In 
0 82 and 33, Qi and q; represent the heat actually absorbed by the water- 


loam and not the amount developed in the furnace. 











i 
if 
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The superheater, which takes the steam coming from the boiler and 
raises its temperature, has a very similar function and its energy equation 
is identical. 

20. Condenser.—The function or use of a condenser is to receive low- 
pressure used steam coming from the engine or turbine, and by removing 
heat cause the steam to condense generally at low pressure and tempera- 
ture. The condensed steam or water is then pumped out of the condenser 
by a separate pump. Like the boiler, it is a heat interchanger, and the 
kinétic energy term and the work term all vanish, so that eq 31 becomes: 


A (5 amg he =. hi, or qo = h; = he. (34) 
Note that here hy is less than h; so that q: is negative in sign, indicating 
that heat has been rejected by the steam. 

21. Steam Engine or Turbine.—The purpose of the steam engine or 
turbine is to receive a continuous supply of steam at _a high pressure (and 
temperature) and, in permitting this medium to expand to a low pressure, 
to develop shaft work or useful mechanical energy. In the ideal case, 
heat flow is eliminated. In all cases, the velocity of the steam entering 
and leaving is low. With small error the change in the kinetic energy 
term in the general energy equation is negligible, and eq 31 becomes: 


w) = hy — hy Btu, or 778(h, — hz) ft Ib. (35) 


Note that the entering enthalpy (h) exceeds the leaving enthalpy (hg), 
giving w a positive sign that indicates that work is done by the steam. 
An opposite sign would occur in the case of a compressor. 








Exampte 3.—A steam turbine is supplied with 194,000 Ib of steam per hour and 
delivers 25,000 kw from its shaft. The enthalpy of the steam entering is 1452 Btu per 
lb and leaving is 980 Btu per lb. The velocity of the steam in the inlet pipe is 5400 fpm 
and is 600 fps at the exhaust annulus. Compute the radiation and conduction loss from 
the turbine casing in Btu and as a percentage of the entering enthalpy. 

Solution.—Use eq 31 which is on a per lb basis. It is necessary only to change the 
power of 25,000 kw to an energy basis. 


25,000 kw acting for one hour becomes 25,000 kwh = (25,000) (3418) Btu, 


__ (25,000) (3413) 
194,000 


wo = (440) (778) ft lb per lb of steam. 
ows — (202), 
(980 — 1452) + (440) + —() (82.2) (778) 


a = — 472 + 440 + 7.01 = — 24.99 Btu per lb, 
and 24.99 is the radiation and conduction loss per lb. Ans. 


or 


Wo = 440 Btu per lb of steam, 


and 


Substituting in eq 31: 


1 
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The minus sign indicates heat transferred from the steam. 


Loss per hour = (194,000) (24.99) = 4,850,000 Btu. Ans. 


24.99 
Percentage loss = 1452 X 100 = 1.72. Ans. 


22. Engine Application.— 


Exampe 4.—One tenth of a pound of steam expands in the cylinder of an engine 
and decreases from an original enthalpy of 1227.6 Btu per lb at 100 psi, and v = 4.94 
cu ft per lb to an enthalpy of 1154.3 Btu per Ib at 15 psi and 26.6 cu ft per lb. For the 
expansion part of the engine process alone, disregarding flow into or from the cylinder, 
find the work developed on the piston if 12 Btu per lb of steam are transferred into the 
cylinder from a heating jacket surrounding the cylinder. 

Solution.—This is a non-flow process so eq 15a will be used. 








_ 1464p, | __ (144) (15) (26.6) _ 
U2 = he 7 1154.3 as, ened 1080.5 Btu, 
(144) (100) (4.94) 
qi = Uz — ti + Wo, (15a) 
12 = 1080.5 — 1136.1 + wo, 


Wo 


(67.6) (778) = 52,600 ft lb per lb or 67.6 Btu per lb. 
For 0.1 lb of steam, Work = 5260 ft lb or 6.76 Btu. Ans. 


23. Pump and Compressor.— 


Exampie 5.—A boiler feed pump receives water at 100° F (for which the specific 
volume is 0.01613 cu ft per lb) and at atmospheric pressure, 14.7 psi, and delivers it to a 
boiler at the same temperature against a pressure of 200 psi. Find the increase of 
enthalpy per pound in ft-lb and in Btu. 

Solution.—Liquids are only slightly compressible and therefore the internal energy 
change, we — wu, is negligible in compressing a liquid. It follows that the increase of 
enthalpy is equal to the increase of flow work, or, by eq 26a, 


778 (he — hi) = Po, — Pir = 144(p2 — pri)o (36) 
= 144(200 — 14.7)0.01613 = 430.4 ft-lb/lb = 0.554 Btu/Ib. Ans. 


l’XAMPLE 6.—An air compressor receives 300 Ib air per hour at 500° R, and 14.7 psi, 
for which enthalpy is 9.58 Btu per lb, and delivers it at 150 psi and 700° R, for which 
h = 57.65 Btu per lb. Cooling water removed 6000 Btu during a 20-min. test. Find: 
(1) work per lb of air in Btu, (b) horsepower to drive compressor, neglecting friction and 


kinetic energy. 
5 oe 6000 
Solution.—Heat removed per lb = ———~ = 60 Btu. 
300 
ae 


Then, by eq 31, with ke negligible, 


— hi + wo+ he = qi, 
(a) wo = hi — he + qi = + 9.58 — 57.65 — 60 = — 108.07 Btu, Ans. 


(b) Power absorbed = Mm _ 5X 108.07 x 778 


33000 = 12.75 hp. Ans. 
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THE SECOND LAW OF THERMODYNAMICS. 


24. The Ideal Heat Engine.—In one form of the ideal heat engine an 
elastic medium, usually a gas or a vapor, whose volume changes greatly 
with variations of pressure and of temperature is confined in a cylinder 
open at one end and provided with a piston which fits gas-tight into the 
cylindrical bore, free to move without friction. The piston has a piston 
rod on the side away from the working medium, and this is suitably con- 
nected through cross-head, connecting rod and crank to a shaft which is 
thus caused to rotate when the piston moves in response to the expansion 
of the gas. By applying heat to the working medium on the first part of 
the out stroke and later cooling it on the return stroke, an expansion and 
contraction (under pressure) is caused, with resulting work done on the 
piston. This work is transmitted to the rotating shaft which is arranged 
to turn and do useful work. 

In this form of ideal heat engine, the working medium always remains 
in the same cylinder. The complete cycle of operations includes expan- 
sion, with the piston moving outward and a contraction with the piston 
moving backward to the point from which it started. A net amount of 
work is done by the gas on the piston on each double stroke because, at 
every point in the outward stroke, the temperature and pressure of the 
medium on the piston are greater than at the corresponding point on the 
return stroke. ‘The double stroke completes the cycle of operation, which 
is then repeated indefinitely. 

25. Actual Heat Engine.—In actual heat engines, such as reciprocat- 
ing steam engines or gas engines, a charge of working medium is admitted 
to the cylinder at one port and then, after going through a cycle of ex- 
pansion and possibly contraction, is exhausted from the cylinder through 
another port. Another charge is then admitted and this is repeated 
indefinitely. In steam or gas turbines the medium is admitted at high 
pressure and temperature to the power element and is then exhausted at 
low pressure and temperature. In the actual engine or turbine the cycle 
is not completed, the working medium going through the rest of the cycle 
at another place. 

In all actual heat engines, however, we note that a working medium 
must receive heat at a comparatively high temperature, must do some 
work and then give up heat at a relatively low temperature. Evidently, 
the work is done with part of the heat energy received. The remainder of 
the heat is always rejected unused. 

By the first law of thermodynamics, heat and work are interchange- 
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able. Observations of actual engines show that in any cyclic series of 
processes only part of the heat received may be converted to work. There 
must always be a remainder rejected as heat. 

Applying eq 15 to a cycle, heat addition takes place during the 
processes from say 1 to 2 and heat rejection during the processes from 2 
back to 1. As this is a cycle, there can be no change in U with the 
medium returning to its original state. Using Q. for net heat received 
in cycle and W, for net work done, with Us applying to end of out 
stroke. 


Out stroke Qi = U2 — U1 + Wa, 


In stroke Qo = — U1+ U2+ Wi. 
Subtracting, 
2 = Oi ~ i= Wy — Wa We, (37) 
Q- = Qi — Qo =\W.. we (37a) 


Subseript . is only used in eq 37 and 38. 

If any net work is done, the heat quantities Qi and Qo are not equal—and 
(heir magnitudes are always opposite in sense. This thought is expressed 
in eq 37 by the symbols Q: and Qo. 

Similar generalizations are true for the work magnitudes W; and Wo. 
‘lhe net heat absorption in a cycle always equals the net work done. 

26. Statement of the Second Law. Definition of Thermal Efficiency 
of a Cycle.—Planck expressed the truth stated in eq 37a as follows: 

It is impossible to construct an engine which will work in a complete 
cycle and produce no effect except the raising of a weight and the cooling of a 
heat reservoir. 

To this statement of the second law may be added another, credited 
to Clausius: 

Heat cannot be transferred from a body at a lower temperature to a body 
al a higher temperature without the expenditure of mechanical work. 

The preceding discussion shows that any engine which turns heat into _ 
work must include one or more reservoirs of heat, an expansive fluid or 
hody for a working medium and a refrigerator or low temperature heat 
reservoir into which is discharged the heat not turned into work. 

By definition, the efficiency of an engine turning heat into work is the 
work done divided by the gross amount of heat supplied. The work 
done, as shown by eq 37a, is equal to the net amount of heat supplied 
fora complete cycle. Therefore the efficiency of a cycle may be expressed 
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as the net amount of heat supplied divided by the gross amount of heat 
supplied. 
Qi— Qo _ We 
ie said 


27. The Carnot Cycle.—Sadi Carnot in 1824 showed that the effi- 
ciency of an ideal heat_engine does not depend on the working medium 
used and that the best possible efficiency is obtained only by a reversible 
engine. ‘This means not only that the engine is mechanically reversible 
but that every process is reversible for all bodies concerned and, therefore, 
for all energy quantities. 

In the Carnot cycle three bodies are involved: 

1. The hot body of infinite heat capacity at temperature 7. 

2. The cold body of infinite heat capacity at temperature 72. 

3. The working medium contained in a cylinder behind a movable 
piston. 

Beginning with the working medium at the temperature of the hot 
body, heat is received from the hot body by conduction through the 
cylinder head. The working medium expands at constant temperature, 
driving the piston forward and doing work. The engine is next insulated 
by a non-conducting cover and the working medium continues to expand, 
doing work on the piston but without receiving (or losing) heat, that is, 
adiabatically. The pressure and temperature drop during this second 
process till the temperature of the cold body is reached. Heat communi- 
cation with the cold body is then established, the piston starts its return 
stroke (compression begins), with the temperature of the working medium 
remaining constant. During this constant temperature, or isothermal, 
compression, the working medium rejects heat to the cold body, which is 
at the same temperature, while the piston does work on the medium. 
This isothermal heat rejection and compression continue just so far that 
adiabatic compression, which immediately follows, will bring the working 
medium back to its initial condition. 

28. Efficiency of Reversible Cycles. (a) Carnot.—Because, at every 
step, each of these processes may be reversed in direction, each of these 
processes is reversible and therefore the cycle as a whole is reversible. 
Operating the cycle in the forward direction, the working medium with- 
draws a larger amount of heat, Qi, from the hot body than the amount 
Qo which it rejects to the cold body. The difference, W = Q: — Qo, is 
the amount of work done by the medium during the cycle. For the com- 
plete cycle the efficiency will appear as shown in eq 38. It is convenient 
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(wD 
to use subscripts 1 and 2 for heat added (supply) and heat rejected (ex- 
haust conditions); following this convention: 


NW LQ Q) Qe, 
ag Qa\ Qu 44 ; Qy Se) 

(b) Efficiency of All Reversible Cycles the Same and a Maximum.— 
Operating on the reversed Carnot cycle, the working medium will take 
from the cold body exactly the same amount of heat Qe as it delivered to 
the cold body on the direct cycle; and the hot body will receive from the 
working medium the same quantity of heat Q; that it gave up on the 
direet cycle. The net external work done upon the working medium 
during the reverse cycle will be the same as that done by the working 
medium during the direct cycle. 

Suppose another ideal engine of the same work output, and the same 
officiency, receiving heat from the same hot body and discharging heat to 
the same cold body, be arranged to drive a Carnot engine on the reversed 
cycle. Then the combination of the two engines may be considered a 
single engine of zero net output, receiving from the hot body the heat 
(), and returning to the hot body the same amount of heat Q:, likewise 
receiving from the cold body and returning to it the amount of heat Qo. 

Were the driving engine more efficient than the Carnot engine and 
lurge enough to draw from the hot body the same amount of heat Q: as 
delivered to it by the reversed Carnot engine, the more efficient engine 
would produce more work than the Carnot engine absorbed and therefore, 
hy the first law, would deliver to the cold body a smaller amount of heat 
(han the Carnot engine removed. It follows that the combination of the 
wo engines would be a single engine producing work in exactly the same 
amount as the heat withdrawn from the cold body and producing no 
other net effect. 

Such a combination would be in violation of the second law of thermo- 
dynamies as stated by Planck and could not exist. 

‘Therefore, no cycle with the same temperature limits can be more 
efficient than the Carnot cycle. The same line of reasoning shows that 
all reversible cycles have the same efficiency as the Carnot cycle when 
working between the same temperature limits. This shows that, for the 
reversible cycle, efficcency depends only on the temperature limits. 

With any working medium, of all engines operating between the 
same temperature limits, only those operating on reversible cycles can be 
proven to have an efficiency as high as that of the Carnot cycle. Any 
process that renders a cycle irreversible will cause the cycle efficiency to 
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fall below that of the Carnot engine working between the same tempera- 
ture limits. 

29. Available Energy and Entropy.—(a) Carnot Efficiency and the 
Kelvin Scale of Temperature.—In Sect. 28 the efficiency of any reversible 
cycle, in which the working medium receives all heat from a source of 
heat at 7’: and rejects heat to a reservoir at 7's, has been shown to depend 
only on the temperatures of the two heat reservoirs. The efficiency is also 
equal to 1 — (Q2/Q:) where Qz2 is the heat rejected, all at 72; and Q, is 
the heat received, all at 71. Therefore Q2/Q: depends only on the tem- 
peratures of the heat reservoirs or, mathematically expressed, is a func- 
tion of the temperatures 7’; and 7’. only. Lord Kelvin in 1854 proposed 
a scale of temperatures such that, for the reversible cycle: 


Tz, Qe Qi _ Qe 
: ame or T, T; (39) 


That is, absolute temperatures on the Kelvin scale are proportional 
to the amounts of heat received or rejected by an ideal engine operating 
on the reversible cycle between those temperatures. 

This so-called thermodynamic scale of temperature happens to coin- 
cide exactly with the temperature scale of the gas thermometer. Space 
limitation does not permit a demonstration of the reasoning which proves 
this fact, but the proof, though long, is not difficult to carry through. 
Absolute temperatures are found by adding 459.69 to Fahrenheit tem- 
perature readings, or by adding 273.16 to Centigrade temperature 
readings. 


(459.69 + deg F) = deg F, abs; called degrees Rankine or deg R. 
(273.16 + deg C) = deg C, abs; called degrees Kelvin or deg K. 
Approximately, (460 + deg F) = deg R, and (273 + deg C) = deg K. 


It is nearly always necessary to use absolute temperatures in thermo- 
dynamic calculations; ie., deg R or deg K. 

From eq 39 and 38a the efficiency of the Carnot, or other reversible 
cycle operating between the same temperature limits, is: 

F eee) eee ee eee A 
Efficiency) = 1 Ft 1 Phe T, 

This is the fraction of the heat supplied that is available for doing work. 

The work of the reversible cycle having constant temperature heat 
supply and rejection is: 





(40) 
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(b) Unavailable Energy and Waste Energy.—The work, W, in eq 41 


is called available energy. 
The remainder, Q2 = Q; — W_is unavailable energy. From eq 39, 


Unavailable energy Q2 = Q: (2) = (#) T >. (42) 
if 1 


lor constant receiver temperature 7'o, the energy that becomes unavailable 
during heat receipt in a reversible process with changing temperature is: 


Unavailable energy = 7p f #. (42a) 


In any irreversible cycle, the portion of Q:, or heat received, that may 
he used is less than the available energy. The difference is called the 
waste energy. 

(c) Conception of Entropy.—On the_PV_ diagram, Fig. 5, distances 
vertically above the volume axis measure pressures in pounds per square 
foot. Distances horizontally to the right of the pressure axis measure 
volumes in cubic feet or specific volumes in 
cubic feet per pound. For a given working 
medium, any point A on the diagram indi- 
cates a state or condition of the body because 
the two properties, pressure and volume of a 
body, determine all the other properties and 
(herefore fix the state of the body. Similarly, 
the point B fixes another state of the body. 
Any reversible process while the state changes 
from A to B is indicated by the dotted line 
ACB, each successive point of which fixes 
another intermediate state. Similarly, the 
line ADB indicates any other reversible process during which the state 
changes from A to B. 

Irom the point 1, the full line 14 shows the successive states through 
which the body or medium must pass during a reversible adiabatic process 
from the state 1 on the reversible path ACB to the state 4 on the reversible 
path ADB. The word path means line on a diagram whose points fix 
(he states through which a body passes during a process. 

Similarly, the line 23 indicates another reversible adiabatic process 
from a point immediately adjacentto 1 on the reversible path ACB to a 
point 3, adjacent to 4 and also on the reversible path ADB. 

The four lines 12, 23, 34 and 41 are the paths of four reversible proc- 


Fig. 5. Reversible Processes. 








V 





" 
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esses. Therefore 1-2-3-4 is a reversible cycle. As the points 12 are 
close together, the temperature change from 1 to 2 is negligibly small. 
Call the temperature from 1 to 2, 7’... Similarly, call the temperature 
from 3 to 4, Tz. Applying eq 39 to the reversible cycle 1-2-3-4, 

Ge = 2 and W=9.(1-7)- (43) 

Adiabatic paths may be considered drawn closely together from A 
to B. Each successive pair, with the enclosed segments of the lines 
ACB, ADB, will form a reversible cycle for which the Q/T ratio on the 
upper line ACB must equal the Q/T ratio on the lower line ADB. 

Therefore the sum of all Q/T quantities along the upper path ACB 
must equal the sum of the Q/T quantities along the lower path ADB. 

Therefore the sum of Q/T quantities by any reversible path from 
any state A to any other state B must always be the same. 

If the sum of Q/T quantities is always measured from the same ar- 
bitrarily chosen point (or state, or condition), every other state of the 
body will always have a definite value for the sum of Q/T by any re- 
versible path (or process) from the first state point to the second. 

As this function of heat_and temperature has a unique value for each 
state of the body, it is a property of the body. The name entropy has been 
assigned to it and S is taken as its symbol. 

30. Change of Entropy.—Entropy change equals sum of Q/T by a 
reversible path. 


_ -s=-[(2) 
S,;-—Si= Lip or Se Si =f ( bette (44) 


If T is constant: 





Se = Si = g. (45) 


In eq 44, S: and S; are symbols for final and initial values of entropy 
2 

and 3 or f ut indicate the sum of Q/7 quantities for very small 
1 


successive changes in going from state 1 to state 2 along a reversible path. 
It is now evident that eq 42a may be written: Unavailable Energy for 
a Reversible Process 


sa i "dS = To(Sa — 1) (46) 
» | 
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31. Temperature-Entropy Diagram for Carnot Cycle.—As entropy is 
a property of a body, diagrams may be constructed in which entropy 
with any one of the other properties of a body, is used as a Saarbhnte: 
lig. 6 shows such a diagram in which absolute temperature and entropy 
ure used as the coordinates. The line AB shows 
increase of entropy at constant temperature. 
‘The distance AB measures Qiz/T'4p for a re- 
versible change from A to B. See eq 45. The 
area ABba has for its width Qazs/T4z and for 
its height Taz. Its area is, then, Qaz. The 
rea of the rectangle DCba is evidently Qpc if 
DC is a reversible change. 

The lines AD and BC are vertical and there- 
fore show processes in which entropy is con- 
stant. If the processes are reversible they must 
ulso be adiabatic, as a reversible change in 
which entropy is constant must have Q equal zero, eq 44. The word 
isentropic (constant entropy) is generally used only for a reversible adia- 
hatic process. Therefore ABCD shows a Carnot cycle. The area ABCD | 
is the work done, or available energy, ABba is the heat received an 
)Cba is the heat rejected, or unavailable energy. Note that —a 


Qas = Tan(Se — Sa) (47) 


‘This is only true for a reversible process. For an irreversible process the 
line AB would fix successive states, but the area under it would not equal 
the heat received. 

32. Change of Entropy with Temperature.—Specific heat is defined 
us the ratio of the heat absorbed per unit mass in any process to the tem- 
perature change occurring in the process. Its symbol is ¢ with suitable 
subseript and if the temperature range is infinitesimally small the name 
instantaneous specific heat is employed, whereas for a large temperature 
range, mean specific heat is used. One common unit of specific heat is 
customarily Btu_per lb per deg F which is numerically equal to kcal 
per kg per deg C. 'To save space sometimes write Btu/Ib deg F and kcal/ 
kg deg C. Use subscript » for mean. ' 





Ss 
Fig. 6. Carnot Cycle. 








o= 1 dQ 

dT MdT si 
a Q 
aM teaa te et eh 2 SY 





) 


32 STEAM AND GAS ENGINEERING 
Write eq 45 in differential form, then 
_ 4 

aS = ci (50) 
or 

dQ = Tas. (50a) 
Making use of specific heat, dQ = McdT (See also eq 49) 

dS = Me a. (51) 


When c is constant over a temperature range, eq 51 integrates into a 
total entropy change of 


Se — Si: = Mc log. = Ps 


T. 
T, = 2.3Mc logi = T, (52) 


and for M = 


= 2.3¢ logio D'; 


T» 
Se — 8: = clog. = tT, 


2a)* 
T1 (62a) 

Exampte 7.—Flue gas cools from 2040° F to 1440° F in vaporizing water in a boiler 
at 360° F. The specific heat of the flue gas over this temperature range is 0.25 Btu per 
Ib F, and 5.75 lb of flue gas pass through the boiler per Ib of steam vaporized in receiving 
862 Btu. Compute the entropy decrease of the flue gas and the entropy increase of the 
water-steam. 

Solution.—By eq 52 


1440 + 460 
(5.75) (0.25) log. 2040 -+ 460 


— 0.395 Units of entropy for the flue gas, the minus sign indicating heat 
leaving. Ans. 


S.— Si 


By eq 45 because temperature of vaporization remains 360° F. 


ro oy O62 
~ 460 + 360 ~ 


Here is illustrated how, with a large temperature difference during heat transfer, an 
irreversible process results in a net increase in entropy in amount 


1.052 — 0.395 = 0.657 units. 


This process is illustrated in Fig. 7, where it is assumed that the ultimate exhaust (re- 
ceiver) temperature of the system is 70° F (7) = 460 + 70). The unavailable energy for 
the gas if this heat transfer process did not exist is ABCD; with the irreversible heat 


Se 8 Si = 1.052 Units of entropy—increase of the water-steam. 


* oan 22> 73 


log tables. Use 


=x. For x < 0.05, eq 52 gives inaccurate results with 4 place 


a—=0(x-F) (58a) 


For x < 0.01, use 82 — 81 = cx (530) 
See Eshbach, Handbook of Engineering Fundamentals, 2—pp 20, 83. 
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transfer it is the area EFGH. In magnitude the unavailable energy is 


Qe= TAS: (46) 
For the gases 
, Qu = (460 + 70) (0.395) = 209 Btu. 
For the steam 
Q. = (460 + 70) (1.052) = 557 Btu. 


Additional amount rendered unavailable = (460 + 70) (1.052-0.395) = 348 Btu. 





Fie. 7. Available and Unavailable Energy. 


33. Entropy Increase with Friction.— 


ExamptE 8.—A paddle in a well-insulated stirring bath containing 200 lb of water 
absorbs 0.3 hp from the driving shaft. After 20 minutes of stirring the water tempera- 
(ure in the bath increased from 70° F to 71.27° F. Compute the entropy change for the 

yrocess and the amount of energy rendered unavailable referred to a 40° F thermal ex- 
inust sink (receiver). 

The friction work of an irreversible process produces the same increase in entropy 
«us would an equal amount of heat added reversibly. 

In making computations where the temperature change is very small instead of 
sing eq 52 or 52a, a closer approximation can be made by dividing the heat received by 
(he mean absolute temperature, or by using eq 58a or 530. 

Solution.—Mechanical energy is completely available, so zero entropy is associated 
with the horsepower-minutes delivered by the shaft. Stirring of the water is a highly 
irreversible process but a reversible heating process can be devised which would heat 
(he water the same 1.27 degrees raised by the stirring and this heating process will be 
used to compute the entropy change. 


1,980,000 _ 2545 :, 
a 2545. 0 = 42.4 Btu equal 1 hp-minute 
(42.4) (0.3) (20) = 254.4 Btu added by paddle, 
but this could be added by reversibly warming oe water of (sp ht = 1) i.e. 254.4 = McAt 
~ (200)(1) (1.272) = 254.4, giving At = 1.272°F 
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By eq 52 
460 + 71.27 

Se ad Si = (200) (1)2.3 logio “460 + 70 = 0.477. (Inaccurate) 

By eq 53b, 
1.272 

= “pear 0.002396 and Sz — S; = 200 X 0.002396 = 0.479, 

or for this very small temperature change at mean temperature of 530.63 R 
than = 
S2— 8 = T. = 530.63 ~ 0.479. 


By eq 46, unavailable energy = TAS = (460 + 40)(0.479) = 239.5 Btu. Ans. 
Available energy in bath = 254 — 239 = 15 Btu. 


Of the 254 Btu originally available in mechanical (shaft) energy only 15 Btu remain 
after the process is completed. 

Exampte 9.—A centrifugal pump circulates 100 gallons of water per minute against 
a head at the pump of 100 feet. The pump suction is from a sump containing one thou- 
sand pounds of water. After doing some useful work and also work against friction in 
pipes, elbows and orifices and valves, the water returns to the sump. There are as- 
sumed to be no heat losses in any part of the system. At the beginning of the hour the 
sump temperature is 80° F, and the end of the hour the temperature of the sump has 
risen to 83°F, A thermal receiver at 60° F is assumed available. Find: (a) weight 
water per gallon at the beginning of test, (b) water horsepower developed, (c) horse- 
power expended in useful work and in friction, (d) entropy increase of the water during 
the hour, (e) energy in sump water that has become unavailable during the hour. 

Solution.—(a) vf = 0.01608, from steam table 1 at 80° F. 


My 231 
1728 X 0.01608 


100 X 8.313 100 


M, = 8.313 lb per gal. Ans. 


(b) Water power = 33000 = 2.519 hp. Ans. 
ner 1000 x 3 
(c) Friction power = i 1.179 hp, Ans. 
Useful power = 2.519 — 1.179 = 1.34, Ans. 
: _7;-T,_ 88-80 1 
es eT Gye ate 180 
AS = Mcx = ee 5.555 Btu/deg R. Ans. 


180 
(e) Unavailable energy = AST) = 5.555(60 + 460) = 2890 Btu. Ans. 


34. Significance of Entropy.—A widely read astronomer calls entropy 
“Time’s Arrow,” because every actual process takes time and increases 


entropy. A narrower statement is ‘“‘Entropy increase is the indicator of 


he loss of available energy.” Every possible process involves at least two 


bodies. If the entropy of the system increases during a process, the 
process is irreversible and some available energy has been converted to 
unavailable energy. 


For example, if heat_passes reversibly from one body to another, they 
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must be at the same temperature. The entropy decrease _Q/T' of the 
body giving up heat is evidently the same as the entropy increase, Q/T, 
of the body receiving heat. Therefore the entropy of the system of two 
bodies is constant. 

If the body giving up heat is at a higher temperature than the body 
receiving heat, the process cannot be reversed. This is true for every 
actual heat flow. Further, the entropy decrease of the hot body is Q/T 
and the entropy increase of the cooler body Q/(7’ — AT) is evidently a 
larger amount. In this irreversible operation the entropy of the system 
has increased and with the refrigerator (or cold heat receiver or heat 
sink) at 7'o, the unavailable energy, by eq 46, has been increased from 
1Q/T to T.Q/T—AT; or from SiT> to S2T>. The increase of un- 
available energy is proportional to the increase of entropy, eq 46. 

Other irreversible processes such as occur when friction exists, when 
turbulence occurs, when pressure is unbalanced, when diverse fluids are 
inseparably mixed, all result_in entropy increases and in decrease of 
available energy. 

35. (a) The General Gas Law and Some Gas Properties.—The text 
structure adopted for this edition places first the study of apparatus 
using vapors as working mediums and then apparatus using gaseous 
mediums. For this reason the more detailed study of gas laws and cycles 
is postponed to Chap. XVII. 

But the statement of the general gas law is required and some knowl- 
edge of specific heats is required for the study of fuels and combustion. 
‘Therefore the chapter on thermodynamics includes the statement of the 
veneral gas law and a few facts about specific heats, together with tabular 
values of constants for several common gases. 

The equation of a gas fits not only gases, but also vapors at very low 
pressures. It also applies to many fixed gases at moderate pressures and 
very high temperatures. To oxygen, nitrogen, hydrogen and carbon 
monoxide as well as to a mixture of these gases the approximation to 
accuracy is close over a wide range of temperatures and pressures. 

The gas equation is: 











Pv = BT (54) 


where P is pressure in pounds per square foot, v is the specific volume in 
cubie feet per pound, 7’ is the absolute temperature, degrees R, and B- 
is the gas constant in foot pounds per pound mass per degree F. For M 
pounds, the equation becomes: 


PV = PMv = MBT. (55) 


tad K 
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The specific volumes, molecular weights and specific heats of a 


number of common gases are given in Table 1. The specific heats of — 


gases change slowly with temperature. The value of B for a gas may be 
computed from eq 54. For air at atmospheric pressure and at 32° KY 
P equals 144 X 14.7 lb per sq ft, v equals 12.4 cu ft per Ib from the table 
and T equals 32 + 460. Then 

Py _ 2116.2 x 12.4 


sak, den 32 + 469 ~ 9333 


which checks the tabular value. 
































TABLE 1 
Some Properties or Common Gases AND VAPORS 
At 32° F and 
Atmospheric Pressure 
ict J Specific Vn = 
Raid Sym- lar |Sbecific Heat Value | Cp _ jal lot mv 
bo. Weight Vol- |——_———_| of B | c, _ mB for 
= ume (OE CS 32°F 
Cu ft | Pres- | Vol- 
per sure | ume 
pound |} Con- | Con- 
stant | stant 
Air ’ 28.97 12.4 | 0.240 | 0.172 | 53.33 | 1.40 | 1544.9] 358.95 
Oxygen Oz 32 11.2 | 0.217 | 0.155 | 48.25 | 1.40 | 1543.9] 358.71 
Nitrogen Ne 28.016} 12.8 | 0.248 | 0.177 | 55.1 1.40 | 1544.5 | 358.85 
Nitargon i 28.164] 12.27) 0.247 | 0.175 | 54.82 | 1.40 | 1545.4 | 359.3 
Hydrogen H, 2.016| 177.9 | 3.445 | 2.4609/767.1 1.40 | 1546.6 | 359.33 
Methane CH, | 16.038 | 22.4 | 0.540 | 0.416 | 96.3 1.30 | 1548.7 | 359.1 
Ethylene C2H4 | 28.03 12.8 | 0.361 | 0.287 | 55.08 | 1.26 | 1544.0] 358.8 
es Mon- CO | 28.00 | 12.8 | 0.248 | 0.177 | 55.1 1.40 | 1544.2] 358.79 
oxide 
Carbon Dioxide | CO, | 44.00 8.15] 0.206 | 0.161 | 34.9 1.22 | 1534.5 | 356.54 
Steam ; H.0 | 18.02 i 0.461 | 0.350 | 85.7 1.32 
panne he SO, | 64 0.154 | 0.123 | 24.1 1.25 
oxide 

















* These figures can be only approximate for sulphur dioxide, as it does not closely 
follow laws of gases. 


At 32° F steam liquefies completely at partial pressures greater than 0.08854 psi. 
t “Atmospheric” nitrogen. 


36. The Pound-Mol.—The pound-mol is defined as the molecular 


‘weight of a chemical compound in pounds. For example, referring to 


Table 1, the pound-mol of oxygen is 32 pounds. 
Avogadro pointed out that equal volumes of all gases, al the same 
pressure and temperature, contain the same number of molecules. There- 
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fore, at the same pressure and temperature, 
The volume per molecule is the same for all gases. (A) 


The number of molecules in a pound-mol of a gas equals its molecular 
weight (m pounds) divided by the weight of its molecule in pounds. 
The latter is given by the same symbol and number, but expressed in a 
scale for which one-sixteenth of the weight of the oxygen atom is unity. 
The two m’s are numerically the same and the quotient is evidently 
equal to the number of molecular weight units in one pound. 

Therefore, the number of molecules per pound-mol is the same for 
all gases. (B) 

It follows that, as the volume per molecule is the same for all gases (A) 
and the number of molecules in a pound-mol is the same for all gases (B), 

The ideal mol volume is the same for all true gases. (C) 
A corresponding actual mol volume, at 492° R and 14.7 psi, is found by 
solving eq 55 for V (in this case Vm), as, for oxygen, 


_ mBT _ 32 X 48.25 x 492 
Pe he ee 


l'or 60° F or 520° R, the same equation gives V,, = 379.6 or 380 cu ft. 

As Vm, which equals mBT ~+ P is the same for all gases at the same 
pressure and temperature, mB is of course the same. The name F is 
used for this constant. With the values of m and B for oxygen from 
‘Table 1: ' 


Ves = 358.9 cu ft. 





R = mB = 32 X 48.28 = 1545 ft-lb/lb °F. (D) 


Knowing m for a gas, as given in Table 1, the value of B may be readily 


found as 
B= R + mft-lb/Ib °F. (E) 


Knowing the molal volume of gases at any temperature and pressure, 
the specific volume of any gas may be found from V,, and m as: 


i= ue cu ft/Ib. (F) 


Computed values for mB and for Vn, based on specific volume at 32° F 
and 14.7 psi, as in the International Critical Tables, are given in Table 1. 


Examp.y 10.—(a) Find the volume of 8 lb air at 240° F and 30 psi. (b) Find the 
heat required to raise the temperature to 440° F at constant pressure. 
Solution.—(a) From Table 1, the value of B is 53.33. Then from eq 55 


= MBT _ 8 X 53.33(240 + 460) 
ag nema 7 ne 


ida 30 = 69.1 cuft. Ans. 


Vv 
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(b) Table 1 gives cp = 0.241 Btu per Ib deg F. Then, from eq 49 
Q = Mop(te — th) = 8 X 0.241(440 — 240) = 385.6 Btu. Ans. 


ExampiE 11.—One thousand cu ft of nitrogen at 340° F and 10 psi are heated at 


constant volume to 540° F. Find: (a) the weight i ds, the fi 
Lee! ot mp fy (a) weight in pounds, (b) the final pressure, (c) the 


Solution.—(a) By eq 55, 


um = LV _ 10 X 144 X 1000 
BY — 55.1(340 + 460) 





= 82.6lb. Ans. 





(b) By eq 55 
_ MBT, _ 32.6 X 55.1(540 + 460) 
P, = = a = 1800 psf 
1800 ; 
a = 12.5 psi. Ans. 


(c) By eq 49 and Table 1 
Q = Me,(T2 — T1) = 82.6 X 0.177(1000 — 800) = 1153 Btu. Ans. 


37. Review.—The two energy equations, 15 and 30, are applications of 
the first law. 

The second law of thermodynamics, Sect. 26, sets limits ideally ob- 
tainable in the conversion of heat to work. 

Between given temperature limits no engine can be more efficient 
than the reversible engine. The Carnot engine efficiency is a maximum 
by which to judge the performance of any engine. 

Temperatures on the thermodynamic scale are directly proportional 
to heat quantities absorbed or rejected by a reversible engine. This 


scale corresponds to the absolute temperature scale of the gas thermom-_ 


eter and is usually expressed: deg R = 460 + deg F. 
; 2 
Entropy is defined mathematically as: S. — S; = f si for a revers- 
hi 


ible process. A medium may change from any initial state to any final 
state either reversibly or irreversibly. The entropy change for the irre- 
versible path is the same as that for any reversible path between the 
two states. This fact makes it easy to compute the loss of availability in- 
curred in carrying on any irreversible process. 

The general gas law is convenient for computations with gases and 
also with vapors at low pressures as with steam in a condenser or with 
water vapor in the atmosphere. 

The pound-mol facilitates many computations, especially with gas 
mixtures. 

38. Problems.— 

Unless otherwise’ stated all pressures are absolute. 
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(a) Energy and Power Relations.— 


1. Convert 1000 Btu into: (a) ft Ib, (b) calories, (c) hphr, (d) kwh, (e) horsepower 
minutes, (f) joules. 

2. A stirrer in a pulp mill utilizes 3 horsepower in keeping a thin pulp mixture in 
suspension. If a given mixture weighing 4000 tb is stirred for 80 minutes how much does 
the mixture rise in temperature assuming no heat loss from the vat. It takes closely 
| Btu to raise the temperature of 1 lb of mixture 11°F. Ans, 2.545. 

3. The calorific value of a certain coal is 13,600 Btu per lb. Compute how far one 
ton of water would have to fall to produce as much energy as is associated with one lb of 
coal? Ans. 1 mile, ap. 

4. Pumping Water. Water weighs about 62.4 Ib per cu ft. Find work done in 
{i lb in raising 50 gal of water through a vertical distance of 100 ft. Ans. 41,650 ft lb. 

5. Water Horsepower.—A pump raises 1000 gal per min through a height of 75 ft. 
Calculate the ‘water horsepower,” or power usefully expended in raising the water. 
Ans. 18.96. 

6. Power and Work.—The efficiency of a machine, or the ratio of the useful work 
done to the work or energy supplied, is 60%. This machine raises a weight of 6000 lb 
at a rate of 5000 ft per min. (a) Find the horsepower supplied and the horsepower de- 
livered. Ans. 1515.2, 909.1. (b) Compute the work input for 15 min expressed in horse- 
power-hours. Ans. 378.8. 

7. Electric Motor, Pump.—An electric motor with an efficiency of 90% drives a 
4 pump with an efficiency of 80%. The recording watthour meter which records the 
wlectrical energy supplied shows a consumption of 100 kwh in a ten-hour day. Find 
(4) average horsepower developed by the motor, Ans. 12.07; (b) average water horse- 
power, Ans. 9.66; (c) the number of gallons per min raised against a head of 100 ft, 
Ans. 382; (d) overall efficiency of motor and pump, Ans. 72%; (e) amount of work done 
in 20 min expressed in horsepower-hours, Ans. 3.22. 

8. Relation of Magnitudes of English and Metric Units of Work.—The acceleration 
of gravity is 980.665 centimeters per sec?. One inch equals 2.54 centimeters, one 
kilogram equals 2.2046 lb. Express a joule in ft-lb. Hint. Express a centimeter in 
foot, and a dyne in pounds of force. Ans. 0.73755. 


(b) Pressure.— 


9. Express: (a) 5 atm in psf and in in. of mercury, Ans. 10581, 149.6, (b) 1500 psi 
in atm and in ft head of water. Ans. 102.07, 3453.5. 

10. Water Column, Barometer.—A water column connected to the ash pit of a 
furnace shows a deficiency of pressure of 6 in. of water compared to atmospheric pressure. 
Vind: (a) absolute pressure in ash pit in in. of mercury, if the barometric pressure is 
WO0.l in. Ans. 29.66, (b) the absolute pressure in the ashpit in psi. Ans. 14.61. 

11, Condenser, Vacuum, Absolute Pressure.—Barometer 29.7 in, Condenser 
vacuum 20 in. Find absolute pressure in condenser in: (a) in psi. Ans. 4.76; (b) in psf. 
Ans. 686.0. 

12, Absolute Pressure Below a Water Surface.—Find absolute pressure at a depth 
of 10 ft in a lake for a barometric pressure of 22 in. at the lake surface in; (a) psf. Ans. 
¥I70; (b) in atm. Ans. 1.030. 

(3. The density of mercury at 32° F is 13.595 grams per cu cm (sp gr 13.595) and at 
(” I is 13.546 grams per cu cm (sp gr 13.546), (a) Convert these densities to lb per cu 
in, (b) Find in psi, the pressure (head) exerted by a one in. column of mercury at both 
lomperatures, (¢) A 29.92 in. Hg barometer measured at 32° F would be how high at 
in” 1°? Ans. (a) 0.491, 0.490; (6) same as (a); (c) 30.03. 


(6) Kinetic Energy.— 

14. (a) A body weighing 1000 lb has a velocity of 100 fps. If this energy could be 
sonverted to potential energy without loss, through what height would it raise a weight 
of 565 Ibs? (b) A weight of 100 lb slides on a horizontal frictionless plane. Give the 
‘ime in see during which a horizontal force of 100 1b must push the weight to impart to it 
100,000 ft Ib of energy? Ans. (a) 275.09, (b) 7.89. 

15. (a) A body weighing 600 lb and having a specific heat of 0.6 Btu/Ib °F is 
heated through 10°F without doing work. Find in ft-lb the energy received. (b) 
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Find in fps the velocity that would be given to a weight of one pound by 1000 Btu if it 
could be all converted to kinetic energy without loss. Ans. (a) 2,800,800, (b) 7075. 


(d) Energy Equations.— 

16. Boiler.—Water enters a boiler with enthalpy of 100 Btu and 1200 Btu is added 
in the boiler. The boiler loses 85 Btu carried away by conduction and radiation. Find 
enthalpy of water leaving the boiler in Btu/lb. Ans. 1215. 

17. Condenser.—Steam enters a condenser with a velocity of 2000 fps and with 
enthalpy of 1100 Btu per lb. The condensate leaves at 20 fps and with enthalpy of 60 
Btu per Ib. Find the amount of heat removed in condenser in Btu per lb. Ans. 1120. 

18. Turbine.—Steam, flowing at the rate of 40,000 Ib per hr, enters a turbine with a 
velocity 0 fps and enthalpy of 1400 Btu per Ib. Leaving the turbine, the steam has 
a velocity of 1600 fps and enthalpy of 1000 Btu per Ib. Heat loss in the turbine is 30 
Btu per lb. Find: (a) work per Ib in Btu, (b) Horsepower. Ans. (a) 329, (b) 5170. 

19. Nozzle.—Steam enters with a velocity of 600 fps, expands ‘reversibly and 
adiabatically, leaving with a velocity of 3000 fps. Find decrease of enthalpy in the 
nozzle, in Btu per lb. Ans. 172.6. 

20. Non-Flow Process in Engine.—In a steam engine, at the beginning of the ex- 


' pansion, the volume is 4.5 cu ft, the pressure is 120 psi and the internal energy of the 


steam is 1164.3 Btu. As the piston moves out during the expansion, the volume of the 

steam increases to 29 cu ft, the pressure drops to 12 psi; 108,920 ft Ib of work is done on 

the piston and the heat conducted away from the steam by the cylinder walls is 44.3 Btu. 

eo 3 ss the expansion find (a) the internal energy, (b) the enthalpy. Ans. (a) 
; 044.4. 


(e) Carnot Engine.— 


21. A working medium operating on the Carnot cycle receives 800 Btu per sec at 
1200° R and discharges heat to cold body at 350° R. Find: (a) efficiency, (b) horsepower, 
(c) Btu per sec discharged to cold body. Ans. (a) 70.8, (b) 801.6, (c) 233.3. 

| 22. A Carnot engine, operating between the temperature limits of 1100° R and 560°R 

develops 30,000 kw. Find: (a) efficiency, (b) Btu per sec received at the high tempera- 

we, c) Btu per sec discharged at the low temperature. Ans. (a) 49.1, (b) 57,916, 
c) 393950 72, 2 ) 

23. An engine receiving 10,000 Btu per min and o; erating between temperature 
limits of 1000° R. and 600° R is said to develop 110 hp. Compute: (a) alleged efficiency 
of actual engine from data given, Ans. 46.6; (b) ideal efficiency of Carnot engine between 
same temperature limits, Ans. 40; (c) Comment on data given. 


(f) Entropy.— 

24. Increase of Entropy Due to Fluid Friction.—A tight box, with perfectly insulat- 
ing walls, contains 1000 lb of water (which at a given instant, due to its rapid motion, has 
a kinetic energy of 100,000 ft lb), brings the water to rest by fluid friction. Compute: 
(a) the initial mean velocity of the water, (b) the rise in temperature of the water for a 
specific heat of unity, (c) the increase of entropy of the water if its initial temperature 
was 100° F, (d) the increase of entropy of the water if its initial temperature had been 
200° F. Ans. (a) 80.21 fps, (b) 0.1285, (c) 0.222, (d) 0.194. 4 

25. Increase of Entropy Due to Sliding Friction.—Friction resisting sliding of two 
100 Ib iron blocks relative to each other is 50 lb. The specific heat of the iron is 0.130 
Btu per lb per deg. F. The relative motion continues until the total distance is 1000 ft. 
There is no heat transfer. Compute: (a) the amount of friction work in ft-lb, Ans. 
50,000; (b) the rise in temperature in deg F, Ans. 2.472 ; (c) the increase in entropy if the 
initial temperature is 60°F. Ans. 0.1233; (d) the increase in entropy if the initial 
temperature was.980° F. Ans. 0.0446. 

26. Irreversible Heat Flow.—The outside walls of a box are perfect insulators but a 
partition dividing it into two parts is a good conductor. On one side of the partition is 
1200 lb of water initially at 180° F, and on the other side is 800 lb of water initially at 
175° F. Compute: (a) final temperature of water when equilibrium is reached. Ans. 
178° F;; (b) loss of entropy by the warmer water, Ans. 3.75; (c) gain of entropy by the 
cooler water, Ans, 3,78; (d) net gain of entropy by the whole body of water. Ans. 0.03. 
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i d 
27. In E le 7 of the text 18.9 Ib of water receive the 862 Btu and are warme 
fre 40° F ee 480° F by the flue gases in cooling. The specific heat of the water is ae 
Compute: (a) Entropy increase of the water, Ans. 0.938; (b) Net increase in, panos 
tho system. Ans. 0.563; (c) Additional energy rendered unavailable by the irreversible 
ont, ti ith a 70° F receiver. Ans. 298.5. : E 
1 te 7 of the text compute the energy available for work with og! ex- 
\nust (receiver) temperature of 40°F. (a) If the flue gases can be used direct. ¥ = a 
reversible engine. Ans. 665; (b) If they are transferred to steam as described and then 
mod i ibl ine, Ans. 336.5. . , ‘ 
* oo Voluena: Chanee with Temperature.—(a) Find the specific volume of air, Cy 
140° F and 15 psi. (b) With the same pressure find the specific volume at 640° F. 
Ans. 14.8, (b) 27.1. 4 7 ’ f 
4 36, Heat ck and Entropy Change of Air Volume.—Five thousand cu ft an 
\4 psi and 140° F are heated at constant pressure to 640° F. Find: (a) mass of yd a : 
(h) heat absorbed, Btu, (c) entropy increase, (d) increase of volume, cu ft. ns. (@ 


N15, (b) 37,840, (c) 45.8, (d) 4167. 
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CHAPTER III 


THE STEAM ENGINE 


39. Field of the Steam Engine.—The steam engine was the first type 
of heat engine developed and for many years was the only dependable 
source of power. The steam engine is used less than formerly because of 
the increasing use of the steam turbine, the internal combustion engine 
and the electric motor. In spite of this, the steam engine is still one of the 
most widely distributed and important pieces of power equipment. A few 
of its many fields of use are the following: small power plant, pumping 
station, locomotive, marine propulsion, auxiliary drive in large plants, mill 
service, excavating, dredging and mining equipment drive. 

40. Characteristics of the Steam Engine.—The steam engine can start 


under heavy load, which neither the turbine nor internal combustion 
engine can well do, It can be designed for reversing operation with little 





difficulty. The steam engine is a relatively low speed machine in direct 


contrast to the turbine. Because of this, steam engines have practically 
disappeared from the large central stations, and high rotative speed tur- 
bines, admirably adapted for the generation of enormous quantities of 
power with units of relatively small physical dimensions, have taken their 
place. Insmall units, up to about 1500 hp, the steam engine is often more 
efficient and economical than a steam turbine of equal capacity, and 
its physical size is not prohibitive. For this reason steam engines are 
very frequently seen in the power plants which are found in small indus- 
trial plants, small municipal plants, large hotels, pumping stations and the 
like. The steam engine can readily be adapted to variable speed opera- 
tion. It cannot operate advantageously with the high vacuums (low ex- 
haust pressures) that the steam turbine can, which places it at a disad- 
vantage. The maximum vacuum for which it is desirable to design an 
engine lies between 24 to 26 inches of mercury. 

Steam Engine Classification.—Steam engines are classified in many 
different ways. A few classifications follow: 

1. According to speed. 

(a) High speed (over 225 rpm). 

(b) Medium speed (125 to 225 rpm). 

(c) Low speed (below 125 rpm). 

42 
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2. According to valve arrangement or type, i.e., D-slide valve, piston 
valve, multi-ported slide valve, poppet valve, Corliss valve, counter-flow, 
unaflow. 

3. Whether simple or compound; by compound, meaning an engine in 
which the steam progressively expands in two or more cylinders. 

(a) Simple (expansion all in one cylinder), (6) Compound (in 2 cylin- 
ders), (c) Triple expansion (in 3 cylinders). 

|. According to cylinder arrangement in compound engines, such as: 

Tandem-compound, cylinders placed one behind the other, in line. 

Angle-compound, cylinder axes placed at right angles to one another. 

Cross-compound, cylinders arranged side by side. 

Vertical triple expansion, three cylinders with axes vertical. 

5. According to operating steam conditions. 

(a) High or low superheat, or saturated steam supply. 

(b) Whether: Non-condensing, i.e., exhausting to atmosphere, or 
condensing, i.e., exhausting into a condenser in which a pressure below 
(hat of the atmosphere is maintained. 

6. According to method of governing or controlling the speed. 

(a) By varying cut-off. 

(b) By throttling the steam supply. 

41. Action of the Steam in Engine Cylinder.—In all reciprocating 
«(eam engines certain basic similarities exist. A piston acts in a cylinder 


und receives the propulsive effect_of the working medium, steam, and a 


valve or valves are always present to control the flow of steam to and from 
the engine cylinder. Fig. 8, shows a cross-section through the cylinder 
and valve of a simple Deslide valve engine. 

In the position shown, steam from the high-pressure supply pipe enters 
ihe steam chest, passes through the head-end steam port and into the cyl- 
incder where it acts on the head-end face of the piston, forcing it to move to 
ihe right. As the piston moves to the right it forces out the exhaust or 
spent steam, from the previous stroke of the crank end, into the exhaust 
passage. After the piston moves a certain distance to the right, enough 
live steam will have been admitted to carry the load on the engine, and the 
valve must move far enough to the left to close completely the head-end 
admission port. The live steam trapped in the head end of the cylinder 
expands and pushes the piston further to the right. As the piston ap- 
proaches the end of its stroke the valve moves far enough to the left to 
open the head-end port to exhaust, and the piston on its return stroke 
towards the head-end of the cylinder forces the spent steam from the 
eylinder. Before the piston gets to the end of its return stroke the valve 


\) 
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closes the exhaust port and the piston compresses the steam trapped in 
the cylinder almost up to steam line pressure. The valve continuing its 
return travel to the right again admits steam on head end. While these 
events are occurring on head end a similar series of events take place on 
crank end. An engine in which steam acts on both sides of the piston is 
termed double-acting. 

To picture the events taking place in the cylinder an indicator diagram 
or a diagram showing the pressures at various points in the stroke or at 
corresponding cylinder volumes has been 
drawn, Fig. 8. A chart of the engine- 
as <2 vaive ROD crank positions for the various events is 











NC ae also shown. It should be noted that these 
me ee diagrams are only drawn for the head-end of 









the cylinder, similar ones could be drawn 
for the crank-end. Summarizing the events 
which occur in the cylinder: admission 
takes place, the valve permitting live steam 
to enter the cylinder; expansion takes place 
until release when the port opens to the 
exhaust; exhaust occurs up to the time of 
closing the exhaust valve; and compression 
of the trapped steam completes the cycle. 
The forces on the engine piston are 
transmitted through the piston rod to the 
engine cross head. An attached connecting 
rod acting with the engine crank changes 
the reciprocating motion of the piston into 
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Fia. 8. Steam Engine Cylinder 
Diagrams. 


usually driven by eccentrics operated from 
the main shaft of the engine. 

42. High-Speed Simple Steam Engine. 
Details of Construction and Operation.—This type of engine is very 
widely distributed and its construction has many features in common 
with other types of steam engines as well as with gas engines and com- 
pressors. Fig. 9 gives a side view of such an engine. 

43. Shaft and Flywheel.—A section through the shaft, frame and 
flywheels is shown in Fig. 10. The shaft is bent at its center to form a 
crank pin supported by two crank arms giving rise to the name center- 
crank engine. The parts of the shaft just outside of the crank arms are 
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Fia. 9. General View of Ames Automatic Engine. 
(Courtesy of Pierce, Butler and Pierce Mfg. Corp.) 





lia, 10, , Section of Shaft, Frame and Wheels—Ames Automatic Engine. 
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supported and rotate in bearings. The parts of the shaft which rotate in 
the bearings are called the journals. c 

_ Outside the bearings, two flywheels are fastened to the shaft by keys. 
The heavy flywheel rims, moving at high speed, store a large amount of 
kinetic energy which is increased or decreased by corresponding speed 
changes. This capacity to receive or give out energy with slight speed 
variations makes the flywheel a useful means of reducing speed changes 
caused by irregular driving force, resistance or load. 

44. Reciprocating Parts. —The mechanism which changes the recipro-. 


cating motion developed in the cylinder to rotary motion at the shaft can 
be seen in Fig. 11, which is a longitudinal section through the engine. 








Fie. 11. Section—Ames Automatic Engine. 


The forces acting on the piston are transmitted through the piston rod 
__to the cross head or slide. These parts move back and forth or recipro- 
cate. The connecting rod, pivoted to the wrist pin in the cross head, 
encircles the crank pin on its far end and transmits the forces from thé 
cross head to the crank. The crank pin rotates in a circle whose diameter 
equals the stroke of the piston. Counter-weights opposite the crank arms 
can be seen in Figs. 10 and 11. 

45. Cylinder and Valve Chest.—Fig. 12 is a horizontal section through 
the cylinder and valve chest. The valve chest is the space filled with 
steam in which the valve moves. The end of the cylinder toward the shaft 
and crank is called the crank end. ‘The other end is called the head end. 
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‘The two ends of the cylinder are closed by round castings called heads. 


‘hese are held in place by studs and nuts. A jacket surrounds the 
cylinder. 

The piston rod passes out of the cylinder through a recess or stuffing 
box, Fig. 12, which is filled with fibrous packing, firmly pressed against 
the rod by a gland. The light pressure of the packing against the rod 
prevents leakage of steam at the point where the piston passes through 
(he cylinder head, but does not produce serious friction or wear. A similar 
«luffing box is provided at the point where the valve rod passes out of the 


steam chest. A handle operating the cylinder drip cocks, which must be 





Fia. 12. Cylinder and Steam Chest—Ames Automatic Engine. 
(Courtesy of Pierce, Butler and Pierce Mfg. Corp.) 


opened before starting to permit escape of condensed steam, is shown in 
lig. 9, below cylinder. Four piston rings, shown at periphery of piston 
in Fig. 12, prevent steam leakage past the piston. é 

46. Frame.—The frame is the large iron casting supporting and guid- / 
ing all of the moving parts of theengine. Figs. 11 and 12 show the method 
of bolting the cylinder to the frame. The frame is stiffened by cross ribs 
and longitudinal ribs. It rests on the base or foundation along its length, 
and must be stiff enough to hold the bearings in accurate alignment. 

Over the crank disk and connecting rod a separate piece, known as a 
crank guard), fits on to the frame. 
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The lower cross head guide surface is part of the frame. The upper 
guide surfaces are formed on separate castings in the form of strips or bars. 
See Fig. 11. : 

47. The Slide Valve.—A double-ported balanced valve, shown in 
Fig. 12, is used on this engine. The D-slide valve shown in Fig. 8 is not 
balanced because the high-pressure steam acts on the top of the valve, 
while the bottom of the valve is exposed to the exhaust or low-pressure 
steam, and there results a large downward force on the valve. In the case 
of this balanced valve the outside of the valve is protected from the pres- 
sure of the live or high-pressure steam, which fills the steam chest, by a 
balance plate, shown in Fig. 12. Two narrow strips, between which the 
valve slides, support the balance plate. 

In the position illustrated in Fig. 12. live steam is s entering at the right, 
through the head-end steam port, both through the opening to the right of 
the edge of the valve, and also through the port formed by the slot near 
the end of the valve. This | gives the name double-ported to the valve. 
Exhaust steam is shown escaping from the crank end of the cylinder past 
the inner edge of the right-hand side of the valve. 

48. Valve Gear.—See Fig. 9. The valve motion is derived from an 
eccentric pin on the outside of the flywheel placed close to the shaft center. 
This pin moves in a circle whose radius is equal to the distance that the pin 
is displaced from the center of the shaft. The horizontal displacement of 
this pin is transmitted by the eccentric rod to the end of a rocker arm. 
The rocker arm oscillates on a vertical pivot. The inner end of the rocker 
arm carries a pin, which by means of a sliding block drives the slotted 
steel cross head forming the end of the valve rod. 

49. Governing (Controlling Speed).—The heavy weight shown near 
the rim of the flywheel in Fig. 9 swings outward under the action of 
centrifugal force when the flywheel rotates. Its outward travel is re- 
strained by the arm to which it is fastened and by the leaf spring shown 
near the bottom of the flywheel. The motion of the weight under cen- 
trifugal force is such that it moves the rocker link (shown in horizontal 
position near the top of the flywheel, Fig. 9), which is pivoted on an exten- 
sion pivot attached to one of the flywheel arms. The upward motion of 
the weight end of this rocker link moves the other end downward; this 
motion in turn moves an eccentric pin nearer to the center of the flywheel, 
decreasing the eccentricity (amount by which the pin is displaced from 
the flywheel center), and consequently the travel of the valve. Decreased 
valve travel will cause less steam to be admitted and the engine will slow 


down. In operation the spring tension is adjusted to give the desired 
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speed. When the speed of the engine exceeds the normal by a small 
umount the centrifugal force on the governor weight becomes strong 
enough to move outward against the action of the spring. This motion 
is (ransmitted through the linkage, described above, to decrease the valve 
\ruvel and to slow down the engine. The reverse action occurs when the 
engine speed falls below normal. 

50. Lubrication.—An elevated tank supplies oil by gravity through 
tight feed oilers to the slide valve, the wrist pin, the guides, the main 
hearings, and the crank pin. 

‘The waste oil from the main bearings and the crank pin drains directly 
(0 the filter tank shown near the floor level 
in Vig. 9. The waste oil from the guides 
hecomes unavoidably mixed with a small 
amount of water leaking through the stuffing 
hoxes of the piston rod. This oil is first 
urried to the separator, which is the high 
vertical box shown fastened to the side of 
the frame in Fig. 9. After the water is 
moparated from the oil by an automatic de- 
wintation process, this oil flows by gravity to 
the filter tank already mentioned. 

A bracket extending upward from the 
yulve rod drives a plunger of a lubricating oil 
pump. This pump elevates filtered oil from 
(he receiver shown near the floor at the side 
ol the base, Fig. 9, to the large oil tank 
shown above the top of the frame in the same 





{ re Fria. 13. Vertical Piston 
gure. Valve Engine. 


51. Direction of Rotation.—This engine —@ourtesy of C. H. Wheeler Mfg. Co.) 
i» known as over-running, because the crank 





jin in moving away from the cylinder passes above the shaft center. 
Nourly all stationary engines are over-running. 

Locomotive engines, on the contrary, are under-running, because the 
position of the steam cylinder ahead of the driving wheels makes it neces- 
wry for the crank pin to pass under the shaft center on stroke away from 
(he cylinders, in order to drive the locomotive forward. 

‘The engine shown in Fig. 9 is right-hand. That is, when viewed 
from the eylinder end of the engine, the governor and the valve gear are 
on the right side of the engine. 
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52. Vertical Piston Valve Engine.—A C. H. Wheeler Steam Engine is 
shown in Fig. 13. The piston valve, which can be seen at the upper right 
hand corner of the sketch, is exactly similar in action to the previously 
discussed D-slide valve. By making the valve in piston form, the steam 
pressure acts radially all around the valve thus balancing it. This is not 
true in the case of the D-slide valve. The valve is driven from an eccen- 
tric rod, valve rod slide and valve rod. 

This piston and piston rod can be seen in line with the cross head. 
The connecting rod from the cross-head wrist pin can be seen leading to 
the center-crank pin. 

Oiling is accomplished by circulation of oil from the oil pump, shown 
submerged in crankcase oil well, and by splash. The lubrication oil 
lines are indicated. 





Fia. 14. Single Eccentric Hamilton-Corliss Steam Engine. 
(Courtesy of Hooven, Owens and Rentschler Co.) 


The centrifugal flyball governor is driven from the main shaft by 
belt and through the bevel gears. As the speed increases the balls mov: 
outward under the action of centrifugal force. This action, throug 
levers, reduces the inlet steam valve opening thereby partially throttlin 
the steam and reducing the speed. 

Other features are not essentially different from those discussed for th 
high speed engine and are evident in the figure. 

53. The Corliss Engine.—The Corliss engine was invented in 18 
and resulted in improved economies over the engines which had been use 
prior to that time. The engine is characterized by a distinctive valve 
gear and uses four rotary valves per cylinder. Corliss engines are larg 
slow-speed units. Fig. 14 is a picture of a Corliss engine. The admissio; 
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valves are in the upper right and left hand corners of the cylinder with the 
respective exhaust valves below. 

The speed is controlled by a vertical flyball governor, driven by a belt 
and bevel gears from the engine shaft. The governor regulates the cut- 
off, or time at which the admission valve closes. 

The four valves for the cylinder ends are operated by a single eccen- 
tric. An eccentric rod runs from the eccentric to the middle of a rocker, 
shown about half-way between shaft and cylinder. The rocker increases 
(he motion received from the eccentric. Another purpose is to transfer 
ihe movement vertically from the level of the center of the shaft, to the 
level of the top of the wrist plate. A reach rod extends from the upper 
end of the rocker to the pivot near the top of the wrist plate, which oscil- 
lates or swings about a pivot located opposite the center of the cylinder. 
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Fia. 15. Longitudinal Section of Cylinder of Corliss Engine. 


Two pins, on the upper part of the wrist plate, drive the steam valves 
which are located at the upper corners of the box-like cylinder casting. 
‘wo wrist pins, near the bottom of the wrist plate, drive the exhaust 
valves which are located at the lower corners of the cylinder casting. 

The valves fit in cylindrical openings which extend horizontally en- 
lively across the e cylinder _casting. The valve diameter is about one- 
fourth the cylinder diameter, and its length is greater than the diameter 
of the cylinder bore. It will be noticed that both the steam valves and 
(he exhaust valves are of the double-ported type (Fig. 15). 

In the position shown, steam is being admitted through both ports of 
(he head-end steam valve. The corresponding exhaust valve is closed. 
In the crank end of the cylinder, the steam valve is closed. The two 
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ports in the exhaust valve are still open. A slight further rotation of the 
exhaust valve, clockwise, will close the exhaust ports, before the piston 
reaches the end of the stroke. 

The steam and exhaust ports extend the full length of the valve, or 
width of cylinder. With the double-ported construction, a very dlink 


valve movement opens, or closes, a large area for the admission or exhaust 
of steam. This is an important advantage, as gradual opening or closing 
of a port causes throttling or wire drawing, as it is called, and results in 
considerable loss of available energy. 

A complicated release gear is used on the admission valves of the 
Corliss engine. After the valve has been opened to give the cut-off 
desired, a knock-off cam is brought into play which releases the valve so 
that the dash-pot piston can close the valve with a sudden and sharp 
cut-off. These dash-pots can be seen in Fig. 14 with the dash-pot rod 
extending up to the valve. The dash-pot is essentially a piston moving 
in a vacuum cup cylinder. This piston is lifted up as the valve opens 
and when release occurs, atmospheric pressure acting on the top of the 
dash-pot piston closes the valve. 

54. Initial Condensation.—One of the most significant losses occurring 
in steam engines is a phenomenon known as initial condensation which 
occurs when the entering steam condenses on ports, valves, or cylinder 
surfaces which have been cooled by exhaust steam from a previous stroke. 

In slide-valve engines, steam is usually admitted and discharged 
through the same valve. In most cases, the steam passes through long 
ports between the valve and cylinder. The flow of hot “live” steam and 
of relatively cool ‘‘exhaust” steam over the same surfaces is detrimental 
to high economy. ‘The live steam is condensed in large part during ad- 
mission. The heat given up is stored in the metal walls of the passages 
which have cooled it. During the succeeding exhaust stroke, the heat 
so stored is surrendered to the exhaust steam on its way to the atmosphere 
or to the condenser, and thus escapes without being utilized to do useful 
work. 

Corliss engines, which use separate valves for admission and for 
exhaust, do not require the use of long steam ports through which live 
steam and exhaust steam successively pass. But, even with Corliss en- 
gines, the steam enters and leaves at the same end of the cylinder. There- 
fore, the large extent of surface exposed at the cylinder ends is alternately 
heated and cooled and forms an effective surface for the condensation of 
entering steam. 

To reduce or eliminate cylinder condensation, earlier efforts were 
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largely directed toward reducing the temperature difference between the 
vleam entering and the steam leaving each cylinder. ‘The total tempera- 
\ure difference between boiler and condenser cannot be reduced without 


lowering efficiency. The two conditions of high total temperature drop \ 





and small drop in one cylinder were met by dividing the total temperature \ J 


drop between several cylinders through which the steam successively | 


passed. An engine utilizing steam in this way is called a compound 
engine. 

55. Unaflow Engine.—As a further step in reducing cylinder conden- 
sation without the expense and complication of compounding, the unaflow 
engine was developed. This engine has been remarkably successful and 
i the favorite type of steam engine used at the present time where high 
economy is desired. As the name unaflow or uniflow implies, the steam 
is admitted at one end of the cylinder, does work while it expands and 


follows the piston in a single circuit to the end of its stroke, and is then 
discharged at the middle of the cylinder (Fig. 16). 
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Fia. 16. Section Through Universal Unaflow Engine. 
(Courtesy of Skinner Engine Co.) 


sy this means, the end of the cylinder at which the steam enters is 
ulways kept hot, while the middle is maintained at the exhaust tempera- 


lure, and there is a steady drop in temperature from each end of the _ 


vylinder to the middle. The steam at admission and as it cools during 
expansion always encounters metal of about its own temperature. ‘The 
ullernate storage of heat in the walls of the cylinder and steam pas- 
wes, followed by rejection of this heat to the exhaust steam, is almost 
eliminated. 

Controlled Compression Unaflow.—Some manufacturing plants use 
exhaust steam for heating or drying. The exhaust steam pressure de- 
sived may vary. To accommodate this demand and maintain as far as 
powsible the high economy of the unaflow engine, an auxiliary exhaust 


\ 


\ 
\ 


/ 


ae 


e 
- 
' 
t 


| 








54 STEAM AND GAS ENGINEERING 


valve, of the balanced poppet type, is operated from the shaft through a 
valve gear which may be adjusted to permit the valve to remain open the 
desired part of the compression stroke. For any desired back pressure, 
the valve gear may be set to delay the beginning of compression a corre- 
sponding amount. In this way a constant compression pressure may be 
maintained, while the back pressure is varied according to the exhaust 
temperature required. 

56. The Universal Unaflow Engine.—Fig. 16 shows a longitudinal 
section through the cylinder of this type engine made by the Skinner 
Engine Company. Steam is admitted through the balanced poppet 
valves at the ends of the cylinder and escapes through the ring of ports 
at the center. The cylinder does not carry any of the weight of the 
piston. On the right, the tail rod, which is shown passing through the 
cylinder, supports the piston from its mounting above the tail rod slide. 
On the left, the piston rod passes to the cross head, which similarly is 
supported on the lower cross head guide. The lay shaft which operates 
the valves through cam rockers can be seen above the cylinder. 


321 321 


4 4 


Fia. 17. Card from Universal Una- Fie. 18. Card from Universal Una- 
flow, Operating Condensing. flow, Operating Non-Condensing. 


The piston overruns the exhaust ports when nine-tenths of the stroke 
is completed. The piston is made nine-tenths of the stroke in length 
so that its opposite faces may successively open the exhaust ports at the 
right time. The cylinder heads are jacketed with live steam. The clear- 
ance volume is about 4 per cent of the piston displacement, or volume 
swept through by the piston in one stroke. 

The indicator card, Fig. 17, is taken with the engine operating “con- 
densing.”” The sudden drop of pressure at release will be noted. The 
compression begins when the stroke is one-tenth complete, and the com- 
pression pressure rises nearly to the initial pressure, or admission pres- 
sure. Adiabatic compression from 90 per cent quality and 2 psi con- 
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denser pressure would give a final pressure of 87 psi and 225° superheat 
with 4 per cent clearance. 

The indicator card shown, Fig. 18, is taken from the same engine when 
operating non-condensing. Compression does not begin till about six- 
tenths stroke. The delayed compression is secured by the automatic 
valves shown under the cylinder on Fig. 16. These valves control a 
partial ring of ports which are over-run by the piston when six-tenths to 
{wo thirds of the compression stroke is completed. When the condenser 
is in operation the automatic valves remain closed. Loss of vacuum 
causes the auxiliary exhaust valves to operate. 

The balanced hollow steam poppet valve is shown on Fig. 19. The 
upper portion of the valve telescopes on the lower part a few thousandths 
of an inch to provide for unequal ex- 
pansion of the valve and seat. In 
lig. 16, the admission valves, both of 
this type, are shown in closed posi- 
(ion on top of the cylinder. 

With atmospheric exhaust and 150 
pai steam pressure, using saturated 
sleam, this engine has attained an 
evonomy of less than 19 Ib per ihp- 
hour. With the same steam pressure 
und 26 inches vacuum, the engine used te ane 
loss than 13.8 Ib per ihp-hour, for all Fie. 19. Balanced Steam Poppe 
loads from one-fourth load to full load. Valve = Univerea? Maan. 

57. Transportation.—In addition to the horizontal cylinder arrange- 
ent unaflow engines are also built with the cylinder or cylinders ver- 
lial. Five cylinder vertical units 25 in. bore X30 in. stroke developing 
4000 hp have been installed in twin units for boat drive. Stationary 
vertical units in the range below 1000 hp are quite common. 

During the early years of the second world war a large number of 
s(eam engines were built to power the Liberty ships then being produced 
in quantity. These engines were vertical, triple-expansion units, the 
seam passing progressively from the high, to the intermediate and low 
pressure cylinders. The respective bores (diameters) of these cylinders 
were 24.5, 37 and 70 inches and the stroke of each piston 48 inches. 
tunning at 76 rpm, 2500 hp was developed in the cylinders when steam 
was supplied to the high pressure cylinder at 220 psig. These engines 
were of a well established, trouble-free design and could be fabricated in 
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quantity. However, because they were so massive, weighing 135.5 tons 
and had limited power, later boats under the maritime commision plans 
were principally turbine driven. 

Locomotives are largely steam-engine driven although Diesel loco- 
motives are prevalent. The good starting characteristics of steam loco- 





motives and their performance in mountain regions make their continued. 








use on the railroads highly probable. Newer designs to use higher steam 





Fie. 20. Four-Cylinder Duplex Passenger Locomotive. 
(Courtesy of Baldwin Locomotive Works.) 


pressures and develop greater horsepower are being projected both for 
passenger and freight service. Most locomotives use two cylinders with 
the cranks set at 90 degrees although some four-cylinder engines are in 
operation. Few present day locomotives use compounded steam flow 
but have boiler steam delivered to each cylinder. Piston type valves 
resembling the control valve of Fig. 13 are almost universal. A typical 
passenger locomotive has 2 cylinders, 28 in. bore X 30 in. stroke, weighs 
508,500 lb without its tender, has eight 77 in. driver wheels, operates with 
a steam pressure of 260 psig and develops a tractive force of 69,800 
pounds. A powerful, articulated freight locomotive has four 24 in. bore 
X 30 in. stroke cylinders, weighs 629,000 lb without its tender, has sixteen 
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(4 in. diameter driver wheels uses 235 psig steam pressure and develops 
115,000 pounds tractive force. The horsepower developed by locomo- 
lives is widely variable depending on rail speed but large steam. loco- 
motives may develop between 3000 and 6000 hp. Passenger train speeds 





in excess of 100 miles per hour obtain with the tractive force decreasing 
with increased speeds. 

Figure 20 is a side view of a modern-design, high-speed passenger 
locomotive built by the Baldwin Locomotive Works for the Pennsyl- 
vania Railroad. It has four 193 in. X 26 in. high-pressure cylinders, two 
located on each side. Poppet type valves are used with 300 psig steam 
superheated to about 750° F. The drive wheels are 80 in. in diameter 
and the engine has exceeded its design speed of 100 mph while in regular 
service and pulling its full complement of cars (16). The wheel arrange- 
ment is classed 4-444 with the four rear truck wheels not shown in 
lig. 20. Bituminous coal is the fuel and a maximum horsepower of 6552 
was developed in the cylinders at a speed of 85.5 mph with a steam con- 
sumption of 15.4 1b per hp hour. At 100 miles per hour a drawbar horse- 
power of 5700 is developed. The boiler evaporates slightly in excess of 
100,000 Ib of steam per hour. The total weight of the engine, exclusive 
of the tender, is 497,200 lb with 268,200 Ib resting on the driving wheels. 
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CHAPTER IV 
PROPERTIES OF STEAM 


58. Temperature of Boiling.—Water contained in a vessel open to 
the atmosphere and heated at atmospheric pressure, or 14.7 psi, will in- 
crease in temperature until some of the water reaches 212° F. Bubbles 
of steam will then rise from the hottest parts of the vessel in contact with 
the water. These steam bubbles will rapidly bring up the temperature 
of the rest of the water to about 212° F, being completely or partly con- 
densed in the heat exchange involved. When the water is heated through- 
out to 212° F, the bubbles will rise to the surface and steam will be 
disengaged. 

If the vessel is now entirely enclosed, except for a small steam outlet, 
the steam formed will quickly drive the air out of the vessel (which may 
now be called a boiler), leaving only water below and steam above. The 
temperature and pressure of both water and steam will be 212° F and 
atmospheric pressure. 

If heat is now supplied so rapidly that steam is generated faster than 
it can escape; the temperature and pressure of both water and steam will rise. 
When the pressure reaches 50 psi, the temperature will be 281° F. At 
100 psi the temperature will be 327.8° 
F. For each pressure there is a definite 


temperature at which water boils. The 
law connecting the pressure and tem- 
perature, known respectively as the 
saturation pressure and saturation tem- 
perature of boiling water, is called the 
pressure-temperature relation of the 
0 200 400 600 9800 boiling point. This has been experi- 
Temperature, deg F mentally determined up to the highest 
Fia. 21. tp ey of the Boiling temperature at which boiling occurs, 
: 705.4° F. This is the critical tempera- 
ture, above which water occurs only in the form of a gas. The corre- 
sponding pressure is 3206 psi. 
59. The tp Relation of the Boiling Point.—Points on the curve of 
Fig. 21 have for ordinates and abscissae pressures and temperatures of 
58 
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saturated steam or saturated water. Each point on the curve defines 
i state in which steam and water may be present together in equilibrium 
(or as an equilibrium-mixture). Such a mixture is termed wet steam. 
Another name for the curve is saturation curve. _The lower limit of the _ 
wurve is 32° F for which 0.09 psi is the saturation pressure (too small to be 
shown). The upper limit is 705.4° F and 3206.2 psi, the critical point. 
uta for laying off the ordinates and abscissae of the curve are taken from 
(he first two columns of Table 1 or Table 2 in the appendix or from the 
womplete tables entitled Thermodynamic Properties of Steam by J. H. 
\\eenan and F. G. Keyes. The student should verify a few points by 
vonsulting the tables. 

60. The Pv Relation for Saturated Steam and Water.—lIn Fig. 22 
(he specific volumes of saturated water and of saturated steam are plotted 
imainst pressure. Thecurve 
w), called the saturated liquid 
line, or merely liquid line, is 


Saturated liquid 





rawn by plotting p and vy ty 
lor the saturated liquidusing §& 
(he first and third columns of = 3 
Table 2. For example, the 3 
ordinate and the abscissa of d F 
wre the pressure and the spe- 0 0.5 1.0 


vilic volume of the saturated Specific volume, cu ft per Ib 


liquid. The curve be, called 
(he saturated vapor line or 
steam line, is tangent to the liquid line ab at b and is plotted using the first 
wid fourth columns of Table 2 for p and v,. For example, the ordinate 
und abseissa of the point e are the pressure and specific volume of the sat- 
‘vated vapor at 1500 psi pressure. The point b indicates the critical state. 
Hlorizontal distances between ab and bc at any pressure show increase of 
yolume during evaporation from saturated liquid to saturated vapor at 
(hut pressure. For example, line de shows increase in volume during 
evaporation at the pressure represented by the height of de above the 


Fig. 22. pv Diagram for Saturated 
Steam and Water. 











dutum and it may therefore be called an evaporation line at_constant 
prowsure. The abscissae of the liquid line are not to scale as the specific 


volume of the saturated liquid is so small, that, plotted to scale, the line 
uh would appear coincident with the vertical axis. 

A constant pressure evaporation line, as de, is also an isothermal or 
sonstant temperature line, because for constant pressure evaporation, the 
temperature remains constant. If specific volumes of superheated steam, 
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aN corresponding to the temperature of de, are found by interpolation in 
'\~ Table 3, using pressures as argument, the curve of constant temperature 
7 may be drawn after plotting points with corresponding pressures and 
specific volumes. The line ef is an isothermal for superheated steam and 


the line def is a complete isothermal for water. Lines of constant in- 


ternal energy, constant enthalpy, constant ¢ entropy and constant quality 
may also be drawn on the pressure-volume diagram. They are omitted 
9 because they would confuse the diagram. 

The complete curve abc is called the steam dome because of its shape. 
All points be below the steam dome show the relation of pressure and volume 
of wet steam, the mixture of steam and water. This area is therefore 


called the wet steam region. For a similar reason the space to the right 














$ is called the superheat region. The isothermal ef in the superheat region 
» is quite close to an equilateral hyperbola, pv = constant. The satura- 


“a tion line approximates the equation pv,!- = 480 up to 200 psi. At 
1000 psi the exponent is 1.03. 
Sy 61. The Temperature Entropy Diagram or Ts Diagram.*—The s; 
: column of Tables 1 and 2 gives the entropy s; of the saturated liquid 
\\ above 32°F asadatum. Following the entropy equation already given, 
‘ this is the summation of each quantity of heat added divided by the 
absolute temperature at which it is added. For example, to heat water 
_from 32° F to 33° F, 1.01 Btu must be added. The mean absolute tem- 
perature is 492 + 0. 5 = 492.5. _ Dividing 1.01 by 492. 5, the entropy 
increase is found to be 0.00205. The tabular value is 0. 0020. . Eq 530 
of Chap. 2 may be used for longer intervals, where _ 


Be vee 6 
-3 7 


Computing se — s,; for 32°F to 37°F, T,—7,=5, x =5 + 492 
= 0.01016. Then 


_ (hy—0) _ 5.04 


wie.’ a © 














x So — 81 = CmX. 


and s = 1.008 X 0.01016 = 0.01024 


compared to tabular value 0.0102. The logarithmic form is not suitable 


for small temperature differences. 

The s;, column of Tables 1 and 2 gives the entropy of vaporization, 
Sf. This is equal to the heat added during evaporation hy, divided by 
the absolute temperature. For example, for a pressure of 100 psi the 


* Eqhations for computing h, v, and s of wet steam (a mixture of steam and water) 
are developed in Sect. 63, eq 1-4 and Sect. 64, eq 5-7. 
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latent heat of evaporation hy, as given in Table 2 is 888.8 Btu per lb. 
‘he absolute temperature is 459.6 + 327.8 = 787.4° R. The entropy 
increase during evaporation is 888.8 + 787.4 = 1.1288, which closely 
checks the tabular value. 

Figure 23 is a temperature entropy diagram. Ordinates represent 
lomperature, deg R, and abscissae entropy. The line adb, the liquid 
line, is plotted by assuming temperatures as 100°, 200°, 300° F and 
plotting them as ordinates, with the corresponding values of the ae 
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Entropy, s 
Fia. 23. 7's Diagram for Steam. 


The curve bec, tangent to ab at the critical point (705.4° F) is plotted with 
(ie same temperatures as ordinates and the corresponding entropies of 
ssturated steam s, as abscissae. The line de shows evaporation at con- 
slant temperature, 400° F (and constant pressure, 247.31 psi). The 
isothermal ef, a straight line on the 7's diagram, shows the continuation 
uf (he 400° F line in the superheat region which lies to the right of the 
sturation curve be. The line eg, a constant pressure line in the super- 
wat region, is plotted by taking for 500°, 600°, 700°, and 800° F the en- 
\vopy of superheated steam at 247.31 psi from Table 3 and plotting en- 


fvopy against temperature. The broken line adeg is the complete isobar _/ 


wy constant pressure line for 247.31 psi in the liquid region, the wet steam 


ne Ee ESSE” —-- 


— 
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region and superheat region. Actually the 247.31 psi isobar in the liquid 
region differs slightly from the saturation line ad, but by an amount too 
small to be shown on the diagram. 

The enthalpy of saturated steam at 400° F is 1201 Btu per lb. Wet 
steam of quality, x = 0.995, that is 993% by weight is steam, and at 450° F 
will have the same enthalpy, 1201.0, as saturated steam at 400° F. To 
find xz, use eq 7c of Sec. 64: 


1201.0 = h, = hy + rhy, = 430.1 + 774.52. 


This determines x as 0.995. Then sz = sr + 2s;,. Superheated steam 
at 21 psi pressure and 320° F will have the same h = 1201.0 Btu per lb. 
Its entropy is 1.7876. By calculation, it is found that steam at 0.4 psi 
and at 313.7° F also has h = 1201.0 Btu per lb. Its entropy by calcula- 
tion is found to be 2.2217. At 770° F and entropy 1.31, his again 1201.0. 

The temperature and entropy of each of the states having h = 1201.0 
are plotted to give the line hjek, Fig. 23, known as a constant enthalpy 
line. The point 7 is the second place where the 1201 h line crosses the 
saturated vapor line. 

Following these methods, any number of constant pressure lines 
such as deg, constant enthalpy lines, such as hek, constant quality lines 
such as bn, and constant volume lines, such as lem, may be drawn on @ 
temperature entropy diagram. 

The steam dome also appears on the 7's diagram, with its crest 6 
at the critical point. 

62. The Enthalpy-Entropy Diagram.—This is sometimes called the 
Mollier Diagram after the man who first emphasized its advantages 
Entropy is plotted against enthalpy. Familiarity with the diagram wi 
be obtained by learning how the various lines are laid out on Fig. 24. 

The liquid line starts at 32° F for which both the entropy and the 
enthalpy of the saturated liquid are 0.00. At 132° F, hy = 99.90 and 
sy = 0.1849, from Table 1. On Fig. 24, hy is next laid out on the 100 
Btu line and sy = 0.1849 entropy unit to the right of zero entropy. Othe 
points are plotted by taking entropies either directly or by interpolation 
first of the saturated liquid and then of saturated steam for every 10( 
Btu of h. 

The critical point b is not at the top of the dome formed by the satu 
rated liquid line and saturated vapor line. The highest point of thi 
curve is for the condition of saturated steam at 450° F, for which th 
pressure is 422.6 psi, the entropy is 1.4793 and h, is 1204.6, the highes 
amount for h, at any temperature or pressure. 
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Following the methods outlined in Sect. 61, a constant pressure line 
dey, for p = 247 psi, a constant volume line lem, at v = 1.86 cu ft per lb, 
» constant temperature line, dec at 400° F and a constant quality line 
bn are drawn on the hs diagram 
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Fia. 24. hs Diagram for Steam. 


A large scale Mollier Chart or hs diagram is in the pocket in the back 
eover of Keenan and Keyes Steam Tables and an abbreviated one is in 
the back of this book. The use of the hs diagram will be taken up later. 

63. Steam Tables. (a) General.—The specific volume, the enthalpy, 
and entropy and less frequently, the internal energy of steam must be 
known in computations regarding the size, capacity and efficiency of steam 
power plants. A homogeneous mixture of water and steam is encount- 
ered in part of the cycle of the steam engine or turbine. The properties 
of the vapor and of the mixture do not lend themselves to expressions in 
« form permitting easy use in computation. Therefore, information 
regarding these properties is presented in the form of tables. Charts are 
often more convenient than tables, but they are not so precise as tables 
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nor do they cover the whole range of ordinary computations. The 
Keenan and Keyes tables, previously mentioned have obtained wide 
acceptance, but several other tables are in use. Extracts from steam 
tables given at the end of this book may be used for the solution of many 
problems. 

(b) Notation.—The subscript f indicates saturated liquid. ‘The sub- 
script g indicates saturated vapor. The subscript fg indicates the increase 
of a property during the change from saturated liquid to saturated vapor. 
For example, vs, is the increase of the specific volume of water during the 
the change from saturated liquid to saturated vapor, or: 





Vig = Ug — YF, (1a) 
hy, = h, — hy, (1b) 
Sig = 8g — 83, (1c) 
Ujg = Ug — Uy. (1d) 


For the saturated liquid at 32° F, the value of s; is zero by definition. 


Taking tabular values of p and vy for the same state, 


h; =U = (Pos a 778) 
_ (144) (0.08854) (0.01602) 


778 = 0.00026 Btu per lb. (2) 


It is customary to make the enthalpy zero for the saturated liquid state 





at 32°F. The difference, hy — us = 0.00026, at 32° F, is negligible in 


Tables 1 and 2. Therefore, for the saturated liquid at 32° F, 
U iss 0.00 


and _hy = 0.00. 





In the text, those Reyne which have extension, or whose value is 





the value per unit : mass times the mass, are deeaaatees by a small letter 





for one pound mass and by a capital letter for M pounds. , Thus: 
H = Mh: V =p: S = Ms; U = Mu. (3) 
Similarly, for energy flow: 
Q = Ma; W = Mw. (4) 


_ Pressures are designated by capital P for psf and by p for psi. 


64. Wet Steam.—A mixture of steam and water in equilibrium, that 
is, a mixture in which both liquid. and vapor are at saturation pressure 





and temperature, is called wet steam. The fraction by weight of (satu- 
rated) vapor is termed quality and designated by the fraction x The 
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fraction by weight of liquid is moisture and is designated by the fraction J 


m. The properties of wet steam are designated by the letters hz, vz, Sz, Us. 
vidently: / 


oe (5) 

By definition of the terms, the following equations hold: 

Vz = Wg + my, (6a) 

Sy = 28, + MSy, (6b) 

h, = zh, + mhy,, (6c) 

Un = LU, + Muy. (6d) 
By replacing, in eq 6, m by 1 — 2, eq 7 are obtained: 

Vz = ve + @Wyq, (7a) 

S, = Sf + @8yq, (7b) | 

h, = h;+ zhy, = HC) 

Ur = Us + Tyg. (7d) | 





These are the convenient equations to use in finding the properties of 
wet steam of known quality from the tabular values of the properties of 
saturated liquid and of saturated vapor. 

65. Superheated Steam.—If saturated steam is further heated out i 
of contact with water and at constant pressure, it behaves somewhat 
like a gas: its temperature and volume both increase. Steam that has 
received a further amount of heat under these conditions is. called super-| 








heated steam. ‘The number of degrees that it has been heated above the 
tomperature of saturated steam at the same pressure is called degrees “| v 
superheat. The specific heat of superheated steam is highly variable 
\'or example, the mean specific heat of superheated steam at 1200 psi 
wnd for the range from 570° F to 580° F, which is close to the saturation 
jemperature, is 1.32 Btu/lb deg, or greater than the specific heat of water, 
while at 1 psi the specific heat of superheated steam near the saturation 
tomperature (101.7° F) is 0.45 Btu/lb deg. The numerical values of the 
properties of superheated steam are designated by v, u, h, s, without sub- 
woript. Using table 3, t and p fix the other properties. 

66. Feed Water.—As it enters the feed pump this may be a saturated 
liquid with the ¢, hy, vy and sy of water at exit from the condenser, or it 
imuy be sub-cooled (compressed) water at a higher pressure and the 


J 
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temperature the same or higher. See point A, Figs. 25 and 26. The 
changes in pressure encountered in steam power plant practice cause only 
negligible changes in the specific volume of water. Therefore, at any 
given temperature, the specific volume of water is always approximately 
equal to the corresponding v, of the steam tables, irrespective of the 





Temperature 





O 
ECR ELE ss 


Fig. 26. Heating Feed Water: 
temperature scale, A to F, 
exaggerated. 


ae a Tad V 


Fia. 25. Pumping Feed Water: 
volume scale exaggerated. 


pressure. The work of pumping the incompressible liquid into the 
boiler, in Btu per lb, is therefore: 


P,=P 
ae 8) 


w= 


By eq 31 or 36, Chap 2, w is also equal hy ep hy, with q and (ke) negligible. 
From this it follows that, starting with initially saturated water, the 
enthalpy of the sub-cooled water hs, as at A, Fig. 25, 26 is: 


< = 


144 | 
Hyer = hy + ag (p2 — pr)vsr} 


y 





| 






(9) 


where 7p: is the saturation pressure corresponding to 1; and p2 and t 
fix the state of the sub-cooled (compressed) liquid at A, Fig. 25 and 26. 
Table 4, in the Keenan and Keyes tables, gives the precise values of 
(v — vs): 10°, h — hy, s — s; for compressed water at pressures up to 
6000 psi and temperatures up to the critical point. 

67. Heat Required at Constant Pressure to Raise the Temperature 
of Sub Cooled (compressed) Liquid to Boiler Temperature.—With 
h, = hy2 of eq 9 and he = hy of the steam table, eq 31, Chap 2, gives tor 
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the process; as ke and w are each negligible: 


144 
1g2 = he — hi = Dye — hyp = by — { hy + 778 (pe — pioy } (10) 


where p: and pz are the pressure before and after the feed pump, hy» and 


hy, are the tabular values of h; at the higher and at the lower temperature, 
nd vs: is the specific volume corresponding to the feed water temperature. 


[!XAMPLE 1.—Sub cooled water is initially at 100° F and 300 psi. Its final state is 
milurated liquid at 300 psi. Find: (a) initial enthalpy, (b) final enthalpy, (c) heat 
aided (at constant pressure), all in Btu per lb. 

Solution.—From Table 1, v7: = 0.01613 ft* per lb, hy: = 67.97 Btu per lb, pi = 0.9492 
pai, (a) From eq 9, 


144 
hyee = hy + 773 (p2 — pi)vpr 


= 67.97 + £75 (300 — 0.95) (0.0161) = 68.96 Btu/Ib. Ans. 


()) From Table 2 at 300 psi, hy2 = 393.84 Btu/Ib. Ans. 
(1) We = he — hi = 393.84 — 68.96 = 324.88 Btu/lb. Ans. 


I)xAMPLB 2.—Sub cooled water is initially at 150° F and 200 psi. It is pumped into 
4 boiler whose pressure is 400 psi and then heated 8p to the boiler temperature. Find, 
1) [Stu per Ib: (a) work of feed pump, (b) heat added to feed water to bring it up to the 


hwiler temperature. 
Solution.—vy, = 0.01634, hy: = 117.89, hyo = 424.0, p. = 3.718. 

(a) hyer = 117.89 + ae (200 — 3.718) (0.01634) = 117.89 + 0.594 = 118.48. 
w, feed pump = a (400 — 200) (0.01634) = 0.605 Btu/Ib. Ans. 

th) byes = bye: + w = 118.48 + 0.605 = 119.09 Btu/Ib. Also 
hye = 117.89 + (400 = 308) (0.01634) = 119.08 Btu/lb. This is shorter. 


7] hye = hy-e = 424.0 — 119.08 = 304.92 Btu/lb. Ans. 


lor a pressure difference of about 350 psi and specific volume of the water pumped 
myunl Lo 0.016 cu ft/lb, the pump work is about one Btu per Ib. At lower pressures it is 
ruelomary to neglect pump work in computing heat quantities. This gives, approxi- 
iialoly, for raising feed water to boiler temperature, 


q = hy — hyn (11) 


whore hy, and hy: are the enthalpies of saturated water at the feed water temperature 
wu at the boiler temperature. For precise work eq 10 is used. 

Iwlow 212° F it is sometimes convenient to use the approximation that, as the 
spooille heat of water is about unity for this range: 


age = t — 82 (12) 
wid below 212° F, approximately 
hy = t — 82. (13) 


ES —=— rc ( tesenllmlml 
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68. Pumping and Heating Feed Water, on Pv and Ts Diagrams.— 
Figures 25 and 26 show the two processes: (1) pumping feed water; (2) 
heating feed water in the boiler, on PV and on 7's diagrams. 

On both diagrams, F on the saturated liquid line ff indicates saturated 
liquid as it may leave the condenser and as it enters the feed pump. In 
order to show the process of induction into the pump HF on the Po 
diagram for one pound of water, the volume scale for the liquid has been 
greatly exaggerated on this diagram. The process of induction cannot 
be shown on the 7's diagram. HF on the Pv diagram represents the in- 
duction stroke of the feed pump as well as representing the volume of 
the water entering. ‘The compression process up to the boiler pressure 
for the liquid in the boiler is shown by the line FA. 

On the Pv diagram, the greatly exaggerated scale for the feed water 
volume permits the very slight reduction in volume from vr to va to be 
shown. On the 7’s diagram, Fig. 26, the very slight increase in tempera- 
ture due to adiabatic compression is shown by the aid of a greatly in- 
creased temperature scale as FA. 

On the Pv diagram, the trapezoidal area vertically below FA down to 
zero pressure is the tiny amount of work done in compressing the liquid. 
This mechanical energy, stored in the water as internal energy, causes 
the very small temperature rise FA. Delivery of the water from the 
pump to the boiler is shown, on the Pv diagram only, as AG. GH on the 
Pv diagram shows the drop in pressure in the pump from GO to HO, befor 
the next induction stroke begins. 

On the trapezoid FAGH of the Po diagram, the height GH = Pz — Py 
and the width HF =vy1. Then the area (not to scale) equals (P2 — Pi)v 
the pump work per pound of water. 

Heating the liquid up to the saturation temperature of the boil 
takes place in the boiler. It is shown by the line AB on both Py and 7. 
diagrams. 

On the 7's diagram, Fig. 26, the area aA Bb, vertically below the lin 
AB, represents the heat added in the boiler to raise the temperature from 
Aa (t:) of the subcooled liquid, to Bb, the boiler temperature (tz), at the 
constant pressure P». 

Tt will be recalled that the enthalpy of the subcooled liquid at A 
is equal to the enthalpy of the saturated liquid at /’, plus the pump work, 
The line AB, being drawn slightly above the saturation line FB on the 7 
diagram stresses the fact that the heat received from A to B is greater 
than the heat required to raise the temperature of the saturated wate 
at F to the saturated state B along the saturation line. The difference in 
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work is shown by the triangular area FAB on the Pv diagram which is 
evidently equal to the area af ABb minus the areaaFBb. The triangular 
urea, FAB on the 7's diagram also shows this work as a heat difference.* 

69. Heat Required for Evaporation.—During evaporation, as in a 
hoiler, a large amount of heat is absorbed by each pound of water. The 
\emperature and the pressure remain constant, but the volume greatly 
increases. For example, one pound of water at 212° F has a volume of 


only 0.017 cuft. During complete evaporation or boiling at atmospheric 
pressure the pound of water receives 970.3 Btu as heat and increases in 
volume to 26.78 cu ft. Using the subscripts 1 and 2 for states at the 


heginning and end of evaporation, by the steady flow energy equation, 








q = h; — hi = h, — hy = hy. (14) 


Ilere hy = hy and h; = hy. That is, the heat required to completely 
evaporate, or the latent heat of evaporation, is hy, Btu per lb. Simi- 
larly the heat required to evaporate the fraction « is ahys,. The quan- 











lity P(v, 5 vs) = Poy, is called the external work of evaporation. 
lhe gain in internal energy during evaporation is, evidently, /_/ _/ 


ir Pua fs 
{ = h,, — one Btu/lb. ) 








Ix AMPLE 3.—Find gain in internal energy during evaporation at 212° F. 
Solution.—From Table 1, for 212° F, hy, = 970.3 and vs, = 26.78. Then 


Poy, _ (144) (14.7) (26.78) 
778 778 ob 





= 72.9 Btu/Ib. 


Hien, increase in internal energy during evaporation is: = — = 
Niu/lb, as is also given in Table 2. : eee le 


70. Heat of Superheat.—Applying the first two terms of eq 14 to 
(he operation of superheating (at constant pressure) : 


qm hy —h, = BH by, (15) 


* Were it a matter of concern to compute the heat added al th iqui 
line /'B, this could be found by the equation: ee saa 


ran = un—urt f? (Fe) = bs hy i e 
a B 


fompared with: 





Sat 

Ps, — Pr)v 

et he ee 
AqB B hy 778 


foy constant pressure heating which is evidently greater, the diff i 
hy the area of the triangle BA, Fig. 25 and 36. ; hater hage iS sere it 
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Here, subscripts 1 and 2 indicate states at the beginning and end of super- 
heating. The external work of superheating is: 





P(ve — 01) _ Pv — %) 
778 = —“a78 Btu/lb. (16) 


It will be instructive to compare eq 10, 14, 15, and note the expres- 
sions for heat supplied in each case. 


Approx. 
Process Exact Heat Supplied Heat Saatied 
Heating sub-cooled liquid hye — Dyce hye — hy at P. 
Evaporation hy, hy, at P 
Superheating h —h, h —h, at P 


In each case, the amount of heat supplied equals the difference of two h 
quantities. 

71. Graphs of Constant-Pressure Heating.—On the 7's diagram, 
Fig. 27, the Steam Dome, with the saturated liquid line fz and the satu- 
rated vapor line 2g )is shown for reference. 
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Fig. 27. Ts Graphs of 
Heating in Boiler. Cross- 
hatched “Heat to Liquid’ is 


Fia. 28. 7s Graph of Heat- 
ing, with Sub-cooling Stressed. 


q above condenser tempera- 
ture, aF, ‘‘Enthalpy of Satu- 
rated Liquid,” hy at B, is 
area Of Bb. 


i—Along AB, Constant Pres- 
sure Sub-cooled, 2—Along Fs, 
Saturated. Distance AF is ex- 
aggerated. 





On this diagram heating the liquid is shown by the area below the lin 
FB down to absolute zero. It will be recalled that during evaporatio 
of any liquid, if the pressure remains constant, the temperature also wi 
be constant. Any line, such as BC on the diagram, showing constan 
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pressure heating is therefore also an isothermal. As the heat is added 4 


evaporation occurs and both entropy s and quality « increase together. 


Also, for complete evaporation, the area under BC down to absolute zero 
of temperature, or bBCc equals: ; 


f tas =) I (e50— Sp) na 8p, =n) (17) 


and this equals the latent heat of evaporation. 

Water entering the boiler is usually at a much lower temperature than 
(hat of the saturated liquid and vapor present as at A, Fig. 28. The 
entering water is rapidly heated with pressure constant, v rising slowly 
and with enthalpy, 7' and s increasing rapidly. The path of this iso- 
haric heating process on the 7's diagram is almost identical with the 
wturated liquid line, but, as shown on Fig. 28, remains slightly above the 
latter until saturation is reached when the feed water acquires the tem- 
perature of the boiler. Here also, the area under the liquid line, FB or 
AB, down to absolute zero, equals: * 


fra- [58-6 


the heat added to the liquid, shown by the area aA Bb, Fig. 28. For this 
sonstant pressure heating: 











dq =cdT, and, asds = “4 = , 


2 


therefore: 
Dees 


2 


‘Therefore the slope of the liquid line varies directly as the absolute tem- 
perature and inversely as the specific heat. During the constant pres- 


wre superheating, dg = cdT’, with the specific heat changing first rapidly, 
then slowly. Here also: 











= 
c 


dT 
ds 


i in heating the liquid. Except close to saturation, the specific heat of 


atom is much lower than that of water. Therefore the constant pres- 
sure line in the superheated region is much steeper than the saturated 
liquid line which is almost identical with the constant pressure line in the 
liquid region. 

lor reversible processes, areas on the temperature entropy diagram 
represent heat, because, for such processes, entropy change is, by defini- 
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tion, heat added divided by absolute temperature. The area below the 
liquid line, OfBb, Fig. 27, down to absolute zero measures the heat added 
to the saturated liquid above 32° F. It is, therefore, approximately equal 
to hy, eq 9. The heat of evaporation, equal hy,, is shown by the area 
below the evaporation line, or bBCc, Fig. 27. For example, heat of 
evaporation at 400° F is measured by the area below de, Fig. 23 down 
to absolute zero of temperature. The heat of superheat or amount of 
heat spent in raising the temperature of initially saturated steam at 
constant pressure is equal to the area cC Dd, Fig. 27 below the constant 
pressure line to absolute zero. In Fig. 23, area vertically below eg 
to absolute zero is the heat of superheat at 247 psi pressure. The area 
below the broken line ade closely approximates h, at 247 psi, 400° F, 
Area below adeg approximates h for state g. 

72. Steam Calorimeters.—(a) General.—By measuring its pressure 
and its temperature and then consulting the Superheat Table, number 3, 
| the other properties of superheated steam, h, v and s, may be read by 
'\ inspection. q 

Pressure and temperature cannot completely define water-steam in its 
saturated (wet) state as the same pressure and temperature exist from 
the condition of saturated water (0 per cent quality) over to dry saturated 
vapor (100 per cent quality). For example, a temperature of 327.81° F 
at 100 psia could apply to saturated water, to 50 per cent quality steam, 
to dry saturated steam or to any other quality between 0 and 100 per cent. 
One definition of saturation, already given, Sect. 60 is expressed as that 
condition at which vapor and liquid can coexist in equilibrium. For a 
pure, saturated medium at a given pressure, the temperature is invariant 
whether vaporization or condensation is occurring and whether the 
quality is small or great. Thus measurements in addition to temperature 
and pressure must be made to find other properties (h, s, v, u) of saturated 
(wet) steam. The steam calorimeter is the instrument used and four 
types are common: 1. separating; 2. barrel or thermal balance; 3. electric; 
4. throttling. 

(b) In the separating calorimeter the water is first thrown out of the 
wet steam by centrifugal force and its weight or volume measured. The 
saturated or dry stedm remaining is then condensed by suitable means 
and weighed; or it is caused to pass into the atmosphere through an orifice 
of known size and the weight calculated from measurements of pressure 
and time. The rate of flow of saturated steam through a nozzle, or 
through an orifice with rounded edges on the inlet side, is given by the 
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empirical formula: 


M' = ap + 70, (18) 


sq in. and p is pressure of the steam in psi. This equation applies if the 
pressure beyond the orifice is less than 58 per cent of the steam pressure. 


[exaMPLE 4.—In a separating calorimeter the steam pressure was 90 psi, £ = 320° F 
und the water separated, and measured at 320° F amounted to 2 cu in. in 20min. The 
twmaining dry saturated steam was condensed and the weight collected was found to be 
4,0 lb in the same time. Find the quality of the steam. 


Solution.—The weight of water separated was 


= 0.066 Ib. The 


2 
ie 1728 X 0.0176 
0.0176 is the sp vol of water at 320°F. The moisture in steam was: 


_ _0.066 
0.066 + 4 


The steam quality was 98.38%. Ans. 

I;XAMPLE 5.—Steam pressure is 125 psig. In a separating calorimeter, the orific 
(hrough which the dry steam escapes to the atmosphere is 0.06 in. diam. ’ Condsnaed 
Walter accumulates in calorimeter at the rate of 0.007 Ib per min. Find steam quality. 


m 


= 1.62%. 


Solution.—Ayrea of orifice = , X 0.06? = 0.0028 sq in. 
0.0028 * (125 + 15) 
70 


Total (wet) steam entering calorimeter = 0.007 + 60 X .0056 = 0.343 lb per min. 
lhe moisture in steam is 0.007 + 0.343 = 2.04% and the quality is 97.96%. Ans. 


Woight steam per sec passing through orifice = = 0.0056 lb sec. 





(c) In the barrel calorimeter, the wet steam is condensed in a known 
Weight of water. The increase of weight of condensing water gives weight 
of steam condensed and the rise in temperature permits the heat given to 
the water to be calculated. ta. a, 

An energy equation is needed. The initial energy of the water is ue 
Miu per Ib. Its weight (mass) is M. The energy brought in by the 
wloam is hz. = hy: + zhy,1 in Btu per Ib and its weight is M;. The 
final energy of the mixture is Mjus3 Btu. The work done against atmos- 
pheric pressure is Po(Myv;3 — Mev, 2) ftlb. Equating energy supplied to 
ergy accounted for: 





Po(Msv5,3 x My, 2), 
778 





Mu. + Mihai = Myug + (19) 


‘The kinetic energy of the steam is negligible. 
proximated by: 


This equation may be ap- 


Mihz,1 = Mshy3 — Moby. (20) 
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LE 6.—Steam at 180 psi is condensed in a barrel calorimeter at normal at- 
Boe pepe cia The site g water in barrel at beginning of test is Pe 4 Lo 
temperature 70°F. At the end of test the water and condensed steam weighe ; 
and its temperature was 95° F. Find initial steam quality. ; 
Solution.—Applying approximate equation for barrel calorimeter: 


(204.5 — 200)h,,1 = 204.5(95 — 32) — 200(70 — 32), 
h, = 1174 = 346 + 2: 850.8, 
x = 0.973. Ans. 


(d) In the electric calorimeter, the wet steam is changed to super- 
heated steam by the measured energy given up by an electric current in 
flowing through a resistance. 
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Fig. 29. Throttling Calorimeter. (Courtesy of Ellison Draft Gage Co.) 


(e) The throttling calorimeter is the most used type of calorimeter, 
particularly for steam which is not initially too wet. In this device the 


wet steam changes to superheated steam as it is throttled throu h a sma 
orifice to a lower pressure, frequently atmospheric. The kinetic ener 
eT I Ae hh Dic Le ceed em an 
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of the steam leaving the orifice is damped out by internal friction and 
reappears as increased enthalpy of the leaving steam. The calorimeter 
is well insulated so that, in the steady-flow energy equation (eq 31, 
Chap 2), qis 0. No work is done (W = 0) and, with a negligible change 
in the kinetic energy of the entering and leaving steam, the equation of 
the throttling calorimeter appears: 


h. = hi = (hy + ahy,):. (21) 


The equation of the throttling calorimeter is that the enthalpy remains 
vonstant. Such an adiabatic process, during which the pressure drops 
wnd no work is performed is called throttling. Equation 21 can be solved 
lo give the value of quality (z). 

igure 29 is one design of a throttling calorimeter shown drawing 
sleam continuously from a vertical pipe. At the top left is the drilled 
*umpling tube which, when placed in the steam line, draws a representa- 
live sample of steam from across the pipe. The sample of high pressure 
loam then passes to the right through the valve and thence through the 
\hrottling orifice shown in section. Past the orifice the kinetic energy of 
(he steam is rapidly reduced and, at relatively low velocity, it passes over 
(ho thermometer bulb which indicates its superheat temperature. The 
throttled steam then flows to the bottom of the inner chamber shown, and 
(hen rises finally passing down through the annular space between the 
insulated outer jacket into the at- 
tiosphere. The heat loss from this 
(ulorimeter is extremely low, ap- 
proaching zero. 

A drain valve is provided at the 
holtom of the inner chamber to re- 
iove any moisture which might col- 
lool during starting. This calori- 
iieler is built open to atmosphere so 
that the pressure in the chamber is ‘ ' 
meontially atmospheric under all Fia. Tete Gee of 
fomonable conditions of flow. 

Some throttling calorimeters are not made open to the atmosphere 
wid when this is the case the pressure at the point where the superheat 
femperature is measured must also be obtained. Frequently, with steam 
\nilially at low pressures, it is possible to put the calorimeter discharge 
ito a condenser and maintain a vacuum so that a greater possibility of 
obtaining superheat exists. 
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Figure 30 is a diagrammatic section showing the principle of action. 
A is steam pipe, B is sampling tube, C is stop valve, D is the orifice where 
the pressure drops (to nearly atmosphere), M is the manometer measuring 
excess over atmospheric pressure and Hf is the thermometer measurin; 
temperature of the steam after throttling. 

ExampiE 7.—The steam entering a throttling calorimeter is at 330° F. The manom: 
eter of the calorimeter reads 3.14 in. of mercury and the thermometer reads 240° F. T 
barometer reads 29.5 in. of mercury. Find h and quality of steam entering the cal 
orimeter. 

Solution.—The final pressure is 29.5 + 3.14 = 32.64 in. 32.64 < 0.49 = 16 psi 


At 240° F and 16 psi, Table 3 gives h of steam as 1163.7 Btu per lb. This equals thi 
enthalpy, hi of the wet steam. Then from Table 1, for 3380 F: 


h,. = 300.7 + 7887.0 = 1163.7 = hii 
Ans. 


and 
x = 97.3 per cent. 
The change of state of the steam during the throttling operation 
Example 7 is graphically shown on the 7's diagram, Fig. 31, and in the 
diagram, Fig. 32. These diagrams are not to scale. 


if Superheat 
/ 
2/ 








> 
2= 0.973 PS 
\ 


h=1163.4 


S 
Throttling on T's Diagram. 


Fig, 31. Fia. 32. Throttling on hs Diagra: 


The steam dome on both diagrams should be first identified by refe 
ence to Fig. 23 and 24. The initial state is marked 1. Note thet = 33 
p = 103 line drawn through / in the wet steam region on both diagra 
The 103 psi line in the superheat region is shown on both diagrams. 

Similarly, the final state 2 is shown on both diagrams in the superh 
region with the p = 16 psi line drawn through it and carried into the sa) 
urated region. Next note on both diagrams the constant h 1163.4 Bt 
line 12 drawn through the two points. 

Finally note the 97.3 per cent quality line drawn through / on bo 
diagrams. 
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This problem also illustrates the fact that, in the wet steam region, the 
(letermination of any one other property beside ¢ and p completely defines 
(he state of the steam. 

73. Boiler Efficiency.— Before taking up problems under this heading, 
| lew obsolescent terms will be briefly mentioned. 

The ratio of the heat added to the water to its latent heat at 212° F 
ws been styled factor of evaporation f, or f = gq: + 970.3. The unit of 
*vaporation, formerly used, is 970.3 Btu. It is now 1000 Btu. One 
hoiler horsepower was formerly heat supplied to steam at the rate required 
0 evaporate 343 lb steam per hour at 212°F, It was equivalent to 
1,175 Btu per hr added to steam. Boilers are now being rated by num- 
hor of sq ft of heating surface. Equivalent evaporation was actual 
jounds of water evaporated times the factor of evaporation. These 
forms are rapidly going out of use. 

The overall boiler efficiency is equal to the heat absorbed by the water 
ilivided by the heat supplied by the fuel. Numerically it is equal to 


q X lb steam per lb coal fired 
Heating value of coal in Btu per Ib 





l'XAMPLE 8.—Feed water is at 100° F. Steam i i i 
I F. St pressure is 150 psi. Ste: lit; 
 US"C. Pounds water evaporated during test is 30,000. Heating Gates of ag 
4000 Btu per Ib. Pounds coal fired during test is 3350. Calculate overall boiler 
plencey. 
Solution.—From Table 1, for 100° F, vy = 0.016, p= 0.95, hy » = 67.97 Bt lb 
Hiom Table 2, for 150 psi, hy; = 330.51, Dy i= 863.6, Dea = 1194.1. Then i ees ; 
} tihyoa = Boi — mshy,1. Neglecting the small feed pump work for the water: 


gd = hyo — miby,1 — hyo; 
q = 1194.1 — (1.00 — 0.98)863.6 — 67.97; 


q = 1194.1 — 17.27 — 67.97 = 1108.9 Btu per lb. 
Also, by reference to large-scale Mollier chart, fi = 15 = =- 
i por Ib and subtracting 68.4, ¢, = 1107.8 Biu px Ibo 2 ht = 11768 
1108.0 30,000 
"14,000 X 3350 = 70.9 per cent. Ans. 
74. Review. 


(a) Hints for Calculations.—The temperature or pressure of steam and / 
ie other property (not temperature or pressure) determine its state and 
WN wllof the other properties. =§=8 | | night el 

In solving problems involving wet saturated steam, first find the en- / 
thalpy and the quality. If initial state is known, the law of change for 


frocew and one property determine the final state. 
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(hb) General. 


|, Feed water enters the boiler at 120° F. The steam leaves at 150 psi and 90% 
iiulily, Find: (a) heat added per Ib; (6) specific volume of steam leaving. (c) Show 
}/ovess on 7's and hs diagrams. Ans. (a) 1019.8, 1019.4; (6) 2.72. 

5, (a) Compute the external work of evaporation of steam at 120 psi in Btu per lb. 
{') Do the same for 80% evaporation. (c) Show process on 7's and hs diagrams and use 
{shular values of u to check the answer. Ans. (a) 82.5, 82.3; (b) 66.0, 65.8. 

‘, (a) The pressure is 80.3 psig. Barometer is 29.92 in. Hg. Find the absolute 
omure. (6) The barometer reads 28 in. and the vacuum is 16 in. of mercury. Find 

\ ubsolute pressure in psi. (c) Use linear diagrams to illustrate. Ans. (a) 95; (b) 5.89. 

7, The feed water temperature is 150° F. The steam leaves the boiler at 149.3 
{ye und 440° F. Find: (a) heat added; (6) external work done by the water initially at 

he boiling point for 149.3 psig in changing from water to superheated steam; (c) degrees 
Hf Miperheat. Draw pv diagram for part (6). Ans. (a) 1122.1; (b) 93.7; (c) 74.5 deg. 

§. Steam at 105.3 psig has a specific volume 2 cu ft per lb. Find: (a) temperature; 
t) (ality; (c) enthalpy. (d) Draw 7's diagrams. Ans. (a) 341.2°F; (b) 0.534; (c) 

Hie 


(b) Definitions.—For u, h, m, s, v, the lower case letters stand fo 
properties, expressed as amounts per pound of internal energy, enthalpy, 
entropy, volume. For M pounds U, H, S, V are used. 


Pressure in pounds per square foot, P = 144p. 
x + m equal steam fraction plus water fraction = 1. 


. 2 
For reversible process at constant specific heat, s, — s1 = ¢ log. 7, 
144 
Feed pump work, w = 778 (p2 — pi)vs_ Btu per lb. 


Heat received in steady flow through a boiler equals enthalpy increas 


(c) For finding », h, s, u, from Steam Tables, the following expressio ), Calculate the external work of evaporation at 200 psi pressure from pressure and 




















Hiereuse of volume and check with hy, — uy, of the steam tables. Hatch area showing 
are often used. wrk on Pv diagram. Ans. 84.1, 84.0. 
TABLE 2 10, feedwater has a temperature corresponding to a vacuum of 20 in. with barom- 
1) 20.4 in. of mercury. The steam pressure is 300 psi and its temperature is 520° F. 
Dry Super- tnil) («) heat added; (6) show process on 7's and hs diagrams. Ans. (a) 1142.8, 1141.9 
2 . Panel 
State Liquid Wet Steam ae rt heats \!, Find ratio of increase of volume during evaporation to volume of saturated 
ae ahi hefore evaporation at pressures of 1 lb, 100 psi, 1000 psi, 3000 psi. Ans. 20670, 
WW), 10,6, 1.48. 
MS ites Ae Soin sche. Fe rarer, h; h, = hy + chy, h, \4. Using Table 3, find mean specific heat of superheated steam for the pressure of 
2 Specific volume.............. vs Ur = Vs + Wy Y%9 4 M0 pei and the following temperature ranges: 520° to 530° F, 780° to 800° F, 1400° to 
3 Entropy 84 8 = 8 + =e h 80 hk im)” I’, and sketch 7's and hs diagrams of specific heat versus mean temperature. 
4* Heat received from water atts | hy: — ha |hy: + 2hyg1 — ha} Dy pa Po tie, 1,03, 0.58, 0.57. 
ist seen fe Pos —_ ee |), Water at 100° F and 200 psi flows at 500 gpm into a boiler which is operating 
5 Internal energy..........---- she eggs Yan 778 77 #11) the steam leaving at 150 psi and 500° F. Heat is being supplied to the boiler at the 
Ble 0 0,000 ee ei 2p ine AY tins gh igor flowing per sec; (6) heat supplied 
: ae : P;, in chau ¥ lh) (¢) heat absorbed per lb; overall boiler efficiency; (¢) rate of heat (energy) 
* Heat received in item 4 refers to heat received at constant pressure, /°1, rplion expressed in horsepower (not boiler hp). Ans. LO7; ; 
subcooled water from fz to saturation temperature corresponding to P1. bs . O08, 3. (d) 83.2; (e) 117, 300. (not p) ms. (a) 69.07; (b) 1450; (c) 


75. Problems.— 


ss otherwise stated, pressures are absolute. — ‘ Mae 
hkagintotone designate A aiwanee by numbering in all views initial one bY ie or 
and succeeding states by the following numbers or letters, cross-hatching si G 
areas on the 7's diagram and distances on the hs diagram. ; 
The process in the boiler is steady-flow unless otherwise stated. 


|1, Saturated steam at 50 psi pressure is cooled with the volume remaining constant 
Mi tho pressure falls to 15 psi. (a) Find the amount of heat removed. (b) Show the 
iy mon 7's and on hs diagrams. Hint: Heat removed equals loss of internal energy. 
fw find x. Ans. (a) 623.7. 
1), A bower at 100 psi pressure contains 30% by volume of steam and 70% by volume 
# weter, Compute: (a) weight percentages of water and steam; (b) hy and h,; (c) total 
pothalpios of waver and of steam in boiler; (d) percentages of total enthalpy in water and 
tioam, No diagram. Ans. (a) 99.829, 0.171; (b) 298.4, 1187.2; (c) 11,775 V, 80.36 
| Of) 0.32, 0.68. 
|), lUxpress in conventional horsepower units energy flow at the rate of 33,472 Btu 
PY hour, No diagram. Ans. 13.14. 


etre f Ng le 500 psi per 
. truct pressure volume diagram | or steam. Pressure scale } 
Velie soci: 5 ou ft per in. Show: (a) liquid line, 1 psi to 3206 psi; (b) steam line, 3! 


: Ope \7, A boiler delivers 5000 Ib of steam at 180 psi pressure and 440° F each 35 min 
si to 15 psi; (c) isothermal at 300° F; d) pant at co oe Bee ceed quali ~" loowater at 150° F and at boiler pressure. The energy absorbed by the steam may 
fing at « = 0.7; (f) carte ed og ond Bh prenn si ig td e scale, 100 two in a steam engine with 15% efficiency. Compute: (a) Btu per hour given to the 
2. Construct temperature-entropy | t ot $3 i Show: (a) complete liquid line; an ()) the horsepower developed by the engine. (c) Show the process on hs and on 

per in. Entropy scale one entropy unit pe . q Hiliagrams., Ans. (a) 9,590,000; (6) 565. 


i i i; tant volume 
line down to 32° F; (c) constant pressure line for 100 psi; (d) cons’ : 
orapenio volume of 2 cu ft; (e) constant enthalpy line for 1200 Btu per lb; (f) cons 
ity li f 0.5. ; 
bar fics enthalpy-entropy diagram with the enthalpy seale of tole pee 
per in. and entropy scale of one unit per 2} in. Show: (a) complete liquid ine; 
steam line down to 32°F; (c) constant pressure line for 200 psi and for 0.0887 psi; 
constant volume line for specific volume of 20 cu ft; and line for 0.5 quality. 


IN Saturated steam at 2 psi and of 70% quality and water at 70° F flow into a 
ieneor in such proportions that only saturated liquid at 2 psi escapes. Throughout 
jqoo8*8 the pressure in the condenser remains 2 psi. There is no flow of heat as such 
her out of the condenser. (a) Find the weight of water supplied per lb of steam; (b) on 
wt on he diagram for one pound of steam and for one pound of water, show process. 
is \ « sloady-flow constant-pressure process for the mixture. Ans. (a) 12.78. 
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19. Steam at one psi pressure and initially of 85% quality is condensed by wate! 
entering at 85°F, the pressure remaining constant. (a) Find lb water per lb steam 
Ans. 18.0. (6) Sketch 7’s and hs diagrams. 

20. Steam initially at 80 psi and 65% quality receives 350 Btu per lb at constan 
pressure. Find: (a) final temperature of steam. (b) Sketch 7's and hs diagram 
Ans. (a) 373.8. 

21. Per pound of coal fired, a boiler evaporates eight pounds of steam at 250 psi an 
of 97% quality. The feed water temperature is 100° F and the coal has 13,000 Btu pe 
Ib. (a) Compute the overall efficiency of the boiler; (6) Show 7's and hs diagrams of th 
process. Ans. (a) 68.1%. 

22. A coal contains 75% fixed carbon and 15% ash. It has 14,000 Btu per lb. 
dry refuse contains 20% carbon. Nine pounds of steam at 180 psi and 460° F are raise 
from feedwater at 150° F per lb coal. Find: (a) grate eff.; (b) overall eff.; (c) Sketch 
and hs diagrams. Ans. (a) 96.1, 95.7; (b) 72.8. See Sect. 148. 

23. Constant volume non-flow process. Find: (a) for dry saturated steam at 450° B 
enthalpy per lb and per cu ft; (6) the same for dry saturated steam at 350° F; (c) th 
heat required to raise the temperature of saturated steam at constant volume from 450° 
to 700° F; (d) for a non-flow isothermal process the heat required to raise steam from th 
final condition in (c) to the volume of (b). Hints: (c) The heat required at constan 
volume is the increase in internal energy during the process. The final pressure is foun 
by interpolation in Table 3, using the known volume and temperature as argument 
Final enthalpy is also found by interpolation. Then internal energy is obtained b 
subtracting the pv product (expressed in Btu) from enthalpy. (d) Heat flow for ¢ 
isothermal process is absolute temperature times increase in entropy. With initi 
volume aa known temperature interpolate for initial entropy in Table 3. Fin 
entropy found similarly. Ans. (a) 1204.6, 1095.8; (6) 1192.3, 356.8; (c) 113.7; (d) 152 

24, Ten pounds of dry saturated steam at 50 psi are condensed by flowing into 100 
lb of water initially at 60° F and saturation. Compute the final temperature of th 
water neglecting heat losses. Hint: Mshy,1 + Muhyi, = (Ms + Mw)hy,2, where M, a 
M, are weights of steam and water. Ans. 71.36° F. 


(c) Throttling Calorimeter. 


25. Steam of 97% quality and at 90 psi pressure is throttled to 16 psi. 
temperature of the steam after throttling. 
Ans. (a) 229.5° F. 

26. The barometer reading is 30.1 in. and the mercury manometer shows a press 
of 1.2in. The steam leaving the calorimeter has a temperature of 232° F. The ste: 
enters the calorimeter at 135 psi. (a) Find enthalpy and quality of steam at entran 
to calorimeter. (b) Sketch 7's and hs diagrams. Ans. (a) 1160.0, 0.963. 

27. The barometer reading is 29.7 in. The mercury manometer shows a vacuu 
of 20 in. The thermometer at exit from the calorimeter reads 175° F. Initial stea 
pressure is 90 psig. (a) Find initial enthalpy and quality of steam. (6) Sketch 7's 4 
hs diagrams. Take pressures as nearest integral numbers to the fractional press 
gis Compute mean specific heats and use these to find enthalpy. Ans. (a) 118 
0.943. 

28. The steam pressure is 151.3 psig. The back pressure in the calorimeter is | 

si. (a) Find the lowest quality that can be measured in entering steam if it has 
least 3.7° F superheat when leaving. (b) Sketch 7’s and hs diagrams. Ans. (a) 0.95 

29. Steam at 80.3 psig and 60% quality is throttled to 3 psi. (a) Find final entha 

and quality. (b) Sketch 7's and hs diagrams. Ans. (a) 829.6, 0.711. 


(a) Find tl 
(b) Sketch 7's and hs diagrams of the proce 


(d) Problems to be solved by use of hs diagram. 

30. Steam leaves a throttling calorimeter at 16 psi and 260° F. The steam comi 
from the boiler enters the calorimeter at 150 psi. (a) Find h leaving the calorimeter 
the intersection of the 16 psi and the 260° F lines. (b) For the same h and on the 
psi pressure line, read by interpolation the per cent moisture of entering steam. Ans. ( 
1172.6; (6) 2.35. 

31. The pressure in the steam line is 260 psi. After throttling to 18 psi, the ste 
temperature is 280° F. Find: (a) h of the sample; (b) 82; (c) 8: and m; (d) Draw p 


































Theory of Boiling Point Rules. 
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#f (he process on a large s scale. (e) Find enthalpy, the two entropies, and the initial 
fiwinture percent all by the use of the steam tables, and compare results. 


Ans. h S2 81 mi % 
Chart 1182 1.779 1.501 225 
Table 1182.5 1.780 1.5009 Bi 


‘2. For initially saturated water at 150 psi throttled to 14.7 psi: (a) find final qualit 
‘wing the steam tables; (6) make large scale sketch of hs diagram for the process; () find 
Hallo of volumes, v2/v1. Ans. (a) 0.155; (c) 583. 

‘3. Dry saturated steam enters a turbine at 200 psi. In passing the governor 
‘slvo, the steam is throttled to 140 psi. Find: (a) the temperature of the steam leaving 


4 ee valve; (b) the drop in temperature due to throttling. Ans. (a) 361.8; 
Hn) Y Ve 
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CHAPTER V 


STEAM CYCLES 


76. Conversion of Heat to Work in the Steam Power Plant.—Eve 
heat engine converts heat to work by the use of a heat source, a refriger 
tor and a working medium. In the steam power plant, the combustio 
of fuel in the furnace of the steam boiler supplies the heat. The wat 
or air cooled condenser or the atmosphere directly carries away the he: 
not converted to work and the working medium is steam. 

In the case where the steam is admitted intermittently to a cylind 
in which it does work on a piston without use of kinetic energy, the aj 
paratus is called a steam engine. In another type of apparatus, ste 
flows continuously doing work on rapidly rotating blades as it pass 
through them. This type always utilizes kinetic energy. It is called 
steam turbine. 

The cycle for the steam consists of heating the liquid to the boili 
point, evaporation and sometimes superheating, transfer of the va 
to engine or turbine where it does work, and finally exhaust to the ¢ 
denser or atmosphere where it returns to the state of water. 

In both engine and turbine, the energy entering with the steam 
cludes both the work of intrusion (flow work) and the internal ener; 
together comprising the enthalpy, and the energy leaving with the st 
is also the enthalpy. In both cases the conversion of heat energy 
work is associated with a drop in pressure and temperature and conde 
tion of a considerable part of the steam in the prime mover. 

The ideal cycle and efficiency of engine and turbine are identi 
(for same initial state and final temperature). The engine is emphasi 
first. 

77. Full Admission Engine or Cycle.—This was once used extensivi 
and is still used in direct-acting steam pumps. Admission of steam to 
cylinder occurs at the beginning of the outward stroke and continues 
constant pressure to the end of the stroke. The steam is then rele 
and is pushed out of the cylinder during the return stroke of the pis 
However, the thermal analysis is simpler and the work done and 
efficiency is the same if the whole cycle is assumed to be carried out i 
single cylinder. 


82 
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(a) Cycle carried out in a single cylinder. In the PV and 7's dia- 
trams, Fig. 33 and 34, ABCD, in full lines, shows this cycle. AB, on both 
(iigrams shows rise of pressure at constant volume, doing no work and 
wilh some increase of entropy. *B’C is evaporation of water to steam, 
While the piston moves out and all the work is done at constant pressure. 
(')) is the drop in pressure at constant volume with partial condensation 





Via, 33. 


PV Diagram for Full Ad- 


_D Fie. 34. 7's Diagram for Full Admission 
mission Cycle. C 


ycle. 

‘ie to cooling. No work is done. Note characteristic constant volume 
ine on 7's diagram. DA is the further and completed condensation at 
{he constant lower pressure, while work is done on the steam by the 
jilaton, 


(}) ABCD’‘A is a corresponding ideal cycle but with release and free 


Mpunsion as in the power plant in the actual engine. On the 7S 
‘igram ABC shows heating and evaporation, all in the steam boiler. 
Tiiin cannot well be shown on the PV diagram, where AB shows the rise 


i) pressure in the boiler feed pump and BC shows admission at constant 
‘)essure) for the full stroke of the piston. CD’ onboth diagramsshowsthe 
free expansion in the atmosphere, with the piston stationary, with no work 
lone on the piston but some work done in pushing back the air and while 


wine steam condenses. D’A shows the completed condensation of the 
feaped steam at atmospheric pressure. 

\¢) Heat received, Work done and Efficiency. The two ideal cycles 
have the same work per pound of dry saturated steam. 


W = (Pi — P2)v,,1 ft Ib per lb. (1) 
l'or the cycle with free expansion, with steam raised in a separate 


* 1B" is heating the liquid at constant pressure. 
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boiler and condensed in the atmosphere: 
qi = hy. — hy, (2) 


In these equations, subscript 1 is for boiler pressure and subscript 2 is 
for atmospheric pressure. Note change from Chapter IV. 

Examp.e 1.—For full-admission cycle the boiler pressure is 110 psi and the lower 
pressure or exhaust pressure is 15 psi. Steam used is dry saturated. Find ideal work 


done per Ib of steam and thermal efficiency. 
Solution.— 


w = 144(pi — pr)vg1 = 144(110 — 15)4.049 = 55,404 ft lb per lb. Ans. 
qi = hy: — hy2 = 1188.9 — 181.1 = 1007.8 Btu per lb. 


: 55,404 - 100 
Efficiency = 778-1007.8 ~ 7%. 


This is ideal efficiency. The actual thermal efficiency would be much less. 


Ans. 


78. Rankine Cycle.—(a) General.—The generation of steam in thi 
boiler and the condensation of steam in the condenser or in the atmospher 
take place at constant pressure. That is, in the steam engine cycle, th 
important processes of heat receipt and of heat rejection are carried on @ 
constant pressure. The first is at high pressure, the second at low pr 
sure. In the steam turbine and in the steam engine expansion from t 
high pressure to the low pressure is ideally adiabatic and reversib 
(isentropic). In the turbine, even in practice the expansion is near 
adiabatic, though it is far from being reversible. As already pointed o' 
in the last chapter, the compression of the liquid from the condens 
pressure to the boiler pressure is also adiabatic. 

An elementary steam cycle, universally taken as a standard or ide 
is usually called Rankine after the famous engineer and scientist. 
comprises four processes. 1. Starting with saturated liquid at low pr 
sure and temperature, the first process is adiabatic (and isentropic) co 
pression. 2. The next process is constant pressure addition of heal 
3. The third process is adiabatic (and isentropic) expansion from t: 
high pressure to the low pressure of the condenser. 4. The final proc 
is constant pressure rejection of heat continuing until the initial conditi 
of saturated liquid is reached. The first process actually occurs in 
feed pump, the second in the boiler, the third in the steam engine 
turbine and the fourth in the condenser. All heat is transferred to 
from the steam at constant pressure. All pressure changes are adiaba 
and isentropic. No irreversible processes are involved. 
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(b) Rankine Cycle for Initially Dry Saturated Steam.—Such a 
vycle for steam which is dry saturated at the beginning of the adiabatic 
expansion is pictured as FABCE in the diagrams Fig. 35, 36, 37. The 


f 





lia. 35. PV Diagram of Rankine Cycl i 

( ‘ J 0 yele. CE is for steam d 

pinning of fw peer piaicard vf epee C’E’ is for initially wet pent ewan se 
ally eated steam. i i fT ER | ing 9g i 

epilally pe Peg ieee aii confusion, C’’E”’ is not shown crossing gg in PV 


Magram for initially wet steam is shown on the same figures as FABC’E’ 
(liffering only in having the isentropic expansion beginning with wet shown: 
i! state C’. And the cycle for initially superheated steam has the isen- 
lropic beginning in the superheated region at C’’. 





T's Diagram of Rankine Cycle. 


Fic. 37. hs Diagram of Rankine Cycle. 


‘lo simplify the diagrams, the minute changes in volume and tem- 


per ture of the feed water during the pumping operation FA are ignored. 
hin has been adequately portrayed and discussed in Sect. 66-68, Chap. 4. 
I) ull three diagrams, F indicates saturated liquid before compression. 


4 indicates compressed (subcooled) liquid resulting from the adiabatic 
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compression of the saturated liquid. It is at boiler pressure and almost 
at condenser temperature. After being heated up to boiler temperature, 
the water is again saturated at B. When evaporation is completed, the 
condition is dry saturated steam at C. After isentropic expansion to 
condenser pressure, the state is wet steam at E. 

F and A are shown at the same point in Fig. 36 and 37. Also A 
and B are shown at the same point in Fig. 35. In each diagram the 
saturated vapor line is drawn in lightly and lettered gg. The saturated 
liquid line is shown similarly as ff, in Fig. 35, 36, 37. The feed pum 
process, shown plainly in Fig. 35, cannot be shown in Figs. 36 and 37. 

Heating the liquid in the boiler AB is shown on the 7'S and hs di 
diagrams. Evaporation in the boiler BC is shown clearly on all thr 
diagrams. The reversible adiabatic (isentropic) expansion in the engin 
or turbine CZ is shown on the three diagrams, as is also condensation E 
from the condition of wet steam to saturated liquid. 

The transfer of the medium from the pump to the boiler, from thi 
boiler to the engine, from the engine to the condenser and from the co 
denser to the feed pump is assumed in each case to be without any chan, 
of properties. The evaporation and condensation lines on all three di 
grams are straight. The quality of the wet steam at E on all three di 
grams is equal to the ratio: 


tae FE _ (sc — 8r) _ (8¢ — 8s2) _ (ve — 02) _ (he — hy) ( 
2" FK ~ (sx — 8p) Syo2 Vfg2 j 








hjoe 


Vsy Hy, Ue may then be computed from eq 7, Chap. 4. 

79. Work and Efficiency of the Rankine Cycle. By eq 35 of the cha 
ter on thermodynamics, the work of the steam engine or turbine is equ 
to the decrease of enthalpy of the steam passing. ‘This is for the usu 
case in which the kinetic energy change is negligible and no heat is trai 
ferred in turbine or engine. 

For the ideal Rankine cycle these conditions apply. Knowing t 
pressure and the temperature of the steam entering, the enthalpy of t 
steam may be found by using these properties as arguments in Table 
If the steam is wet, the quality must be known. Then eq 7c, Sect. 
used in connection with the enthalpies given in Table 1 or Table 2, 
be used to find the enthalpy of the steam at the end of the isentro 
expansion. 

The work of the cycle is the work of the turbine or engine less t 
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negative work of the feed pump, or 
w= (he sad hz). = (ha Tm hz), = (he re hy) s = ns (pi res D2)0j2. (4) 


The subscript s after the parentheses indicates that the difference of 
mthalpies, or the h drop is at constant entropy (s). This work for the 
vomplete cycle must, by the first law of thermodynamics or the general 
energy equation be equal to the total heat received by the medium in the 
vycle less the total heat rejected, or to the heat added in the boiler less 


(he heat removed in the condenser. Therefore: 
w= qi — W = (he — ha) — (he — hr) (5) 
Where 
q = oh yg2. (5a) 


‘This is obviously equal to the difference of the two work quantities of 
oy 4. In some cases it will be convenient to use for go, 


ge = To(sz — Sr) = T2(se — 872). (5b) 


l\y definition, the thermal efficiency of the cycle is the net work of the 
rycle divided by the total heat received, or 


144 
(he — his), — 7B (pi — pa) 52 
wp lS areal ae elle ole) al (6) 


144 
ic an 778 (pi — p2)d;2 


Neglecting the work of the feed pump, the expression for efficiency 
hecomes: 


AF eta — 
is “Een ee sd 
eaanees J 

Notice that the subscript 1 for pressure in this chapter refers to the 
jiitial pressure of the steam before entering the turbine or engine and the 
wibscript 2 refers to low pressure at the end of expansion. The subscript 
(always refers to the state of the steam as it enters the turbine or engine. 

80. Work and Heat Quantities from Diagrams.—Eq 8, Sect. 66 gives 
(he feed pump work 


~ 144(p1 bares po) 
ae 778 


‘The engine or turbine work is the area O:,CEO, on the Pv diagram. 


vy2 in Btu/Ib. (8) 
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The net work of the cycle is the area FABCE. The two areas just 
enumerated cannot be distinguished on account of the small volume 
scale of the diagram. 

On the 7's diagram, Fig. 36, the heat received is the area ABCC, 
the heat rejected is the area aiAHC,, the net work of the cycle is the 
area FABCE. 

On the hs diagram, Fig. 37, the heat received is the distance ZW, 
the heat rejected is the distance WY, the work of the cycle is equal to 
ZY — XW = ZX — YW. 

81. Rankine Cycle for Initially Superheated Steam—and for Initiall 
Wet Steam.—Figs. 35, 36, and 37 show the Pv, 7's and hs diagrams o 
this cycle for initially wet, initially dry saturated steam, and for initiall 
superheated steam. ‘Those for initially superheated steam are lettered 
FABCC"”E” on all three diagrams and those for initially wet steam a: 
lettered FABC’E’ on each diagram. The Rankine Cycle for initiall 
superheated steam differs from that for initially dry saturated steam i 
that the constant pressure addition of heat includes heat of superheat i 
addition to the heat added to liquid and the heat of evaporation. Th 
small rise in temperature of the superheated steam increases the cyel 
efficiency a small amount, but the lower conductivity of the superheat 
steam also has a beneficial influence on the efficiency of the engine for 
given pressure range. 

In the Rankine Cycle for initially wet steam, the constant-pressur 
heating is discontinued before the water has been completely evaporated. 
The steam, still wet but at boiler pressure, is then expanded adiabaticall 
and at constant entropy until the condenser pressure is reached. C’ 
is the isentropic expansion and the constant pressure cooling and con- 
densation begins with the steam containing more moisture than in the 
case for initially dry saturated steam. 

82. Examples on the Rankine Cycle.—In examples and in problems? 
pressure in pounds per square inch absolute will be written “psi.” 


Exampé 2.—Rankine cycle for initially dry saturated steam at 150 psi, condenser 
pressure 2 psi. Find: (a) work of cycle in Btu and in ft lb, (b) cycle efficiency. 
Solution.—The following data are first taken from Table 1 K & K. The figures in 
bold-face type are those used in computation. 











Nose | > | t | P| ow | be | te | he | ao | te | 
1 150 | 358.4 | 818.4 | 0.018 | 330.5 | 863.6 | 1194.1 | 0.5138 | 1.0556 | 1.5694 
2 2 | 126.1 | 586.1 | 0.016 | 94.0 | 1022.2 | 1116.2 | 0.1749 | 1.7451] 1.9200 
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(a) The quality of the steam at the end of the isentropic expansion will first be found 
from the constant entropy relation, See eq 3, Sect. 78. 
0.1749 + 21.7451 = yo + reSyg2 = Sz = Sc = Sg1 = 1.5694. 
Therefore, 
ar = 0.799. 
The pump work (ha — hr), is now found from eq 8 Sect. 80 


=. a) Ot P2)vs,2 _ 144(150 — 2) 
(ha — hye). = eee, pane eons 


The value hz, at end of adiabatic expansion, is found from eq 7c, Sect. 64: 
he = hy2 + aehyy,2 = 94.0 + 0.799 X 1022.2 = 910.9 Btu per Ib 
The work of the cycle may now be found from eq 4: 
w= (he — hg)» — (ha — hy), = (1194.1 — 910.9) — 0.44 = 282.76 Btu per lb Ans. 
= 219,800 ft lb per lb. Ans. 


X 0.016 = 0.44 Btu per lb. 


Hore hc = hg: = 1194.1 Btu per lb. 
(b) The value of ha may be found from hy,2 and ha — hy,2 already found: 
ha = hyo + (ha — hye) = 94.0 + 0.44 = 94.4 Btu per lb. 
The heat received for the cycle is: 
q = he — ha = hy — ha = 1194.1 — 94.4 = 1099.7 Btu per lb. 
The efficiency of the cycle is: 





w 282.7 
Eff = nu = 1099.7 = (0.257. Ans. 
Using the approximate eq 5: 
= (hc — hz)s — (hy, 1 eae hz)s Ps 1194.1 — 910.9 vt 
Hf oe ee ee = ee 


The only properties of steam in the initial state that were used in the solution were: 
hy, %. For the state where steam is initially wet, evidently hy, hy,, sr and ss, would 
ali bo used. In the final state, the only properties not used were t, 7’, hy, s,. In solving 
other problems, only needed data need be taken from the table, but these figures should 
lw (abulated systematically as shown. 

!\xAmpLe 3.—Rankine cycle for initially superheated steam at 150 psi and 560° F. 
epedenser pressure 2 psi. Find: (a) heat received, (b) heat rejected, (c) work per lb, 
iW) ofliciency. 

Nolution.—From Table 3 and Table 2. 





lronsure 


Number t os hy hy, h h, Sf Sg s 








1305.2 








I 150 | 560 1.6913 


2 2 | 126.1|0.016| 94.0 | 1022.2 0.1749 | 1.7451 





The blanks indicate data not needed for solution. 
(Pi — P2)v5,2 


(a) ha = hy + hy — br = hy: + a = 
144 


94 + 778 (150-2)0.016 = 94.4 Btu per Ib. 
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fact that both diagrams show the expansion line lying inside the satura- 
lion line. The rejection of heat at constant pressure and temperature is 
accompanied by rapid condensation. This process continues until the 
entropy of the wet steam is reduced to that of the saturated liquid at the 
liizh temperature and pressure. The next process is an isentropic (re- 
versible adiabatic) compression which continues until the condition of 
high pressure saturated liquid is reached. Then: 


ii) | Heat received = qi = hey — ha = 1805.2 — 94.4 = 1210.8 Btu. per lb. Ans. 
(b) From eq 5b, 


Heat rejected = 7'2(si — sy,2) = (460 + 126.1)(1.6913 — 0.1749) = 889 Btu 
Ib. Ans. 


Heat rejected may also be found from eq 5a, and q2 = xehyg,2. This requires 2, 
which is found from eq 3. 


0.1749 + 21 1.7451 = sz = s; = 1.6913, whence zz = 0.869. 
Heat rejected = g2 = rzhyg,2 = 0.869 X 1022.2 = 888.5 Btu per lb. Ans. 
The values check closely. 
(c) Work of cycle = qi — gz = 1210.8 — 888.8 = 322.0 Btu per lb. Ans. 






kl T,-—T. 
gi = by; w@=Qu Ti w= qi Gk fa (9) 


‘The work done may also be checked by taking the algebraic sum of 
(he works done on the four processes of the cycle. The area abcd on both 
/’» and 7's diagrams measures the work of the cycle which is also equiva- 
lent to the net heat absorbed. 

Comparing the 7's diagrams for the Rankine cycle and Carnot cycle 
for steam, Fig. 36 and Fig. 39, it is evident that the trapezoidal area which 
represents the heat added to the liquid, of the Rankine cycle, is absent 
on the diagram for the Carnot cycle. In the latter, the low temperature 
low pressure wet vapor at the point a is raised in temperature by adia- 
hutic compression (accompanied by condensation). The added amount 
of work obtained per pound of steam with the Rankine cycle (area ABB) 
iy obtained at the lower efficiency: approximately mean temperature 
difference, (771 — T2)/2 divided by the mean temperature at which heat 
in received, (71 + T2)/2, for the extra amount of work done. The extra 
work of the Rankine cycle is evidently done at only a little better than 
lal! of the efficiency of the Carnot cycle working between the same tem- 


(d) Eff = rs = — = 0.266. Ans. 
5 ’ 


bE = pt = Sony = 0.2602. Ans. 


Evidently the approximate solution is perfectly satisfactory. It wi 
generally be used hereafter for pressures less than 600 psi. 
83. The Carnot Cycle for Steam.—In the operation of vapor cycl 
receipt of heat during evaporation only has the advantage of maintaini 
constant both the high temperature and the high pressure. Figs. 38 an 
39 are Pu and 7's diagrams of a Carnot cycle in which the medium is i 


perature limits. 
84. Regenerative Cycle for Steam.—This cycle enables the actual 
steam cycle to approach the efficiency of the Carnot cycle. This is 


discussed in detail in Chapter XVI. 
85. Problems.— 


Unless otherwise stated, pressures are absolute, and energy quantities are in Btu 
peer lb. 





Fic. 38. PV Diagram of Fria. 39. 7's Diagram of Carnot 
Carnot Cycle for Steam. Cycle for Steam. 


(a) Heat Transfer. 

|, In steady boiler operation, feed water at boiler pressure but at 160° F is supplied 
wal wet steam of 80 per cent quality leaves. The boiler pressure is 100 psi. Find: (a) 
lat absorbed, (6) factor of evaporation. Ans. (a) 881.2, (b) .909. 

%, Saturated water at 160° F is pumped into a boiler operating at 126 psi and leaves 
“superheated steam at 540° F. Find: (a) work of feed pump, (6) heat added to water 
fi wonerating steam, Ans. (a) 0.37, (0) 1168.7. 


the condition of saturated water at the beginning of the heat addition 
is saturated vapor at the end of that process. The reversible adiaba 
(isentropic) expansion of the Carnot cycle is accompanied by parti 
condensation as indicated, on both the 7's and the Pv diagrams, by t 
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(b) Internal Energy. 


3. Find the internal energy of superheated steam at 180 psi and 580° F. Ans. 1200. 

4. Steam is initially wet, at 125 psi and of 0.70 quality. Find: (a) specific volume, 
(b) internal energy. Ans. (a) 2.53, (6) 870.2. 

5. Steam, initially at 150 psi and of 0.60 quality, is heated at constant pressure to 
600° F. Find: (a) heat added, (6) work done by steam in expanding, (c) increase of 
internal energy. Ans. (a) 477.0, (b) 63.8, (c) 412.9. 


(c) Entropy. 


6. (a) Using tabular values of enthalpy to compute mean specific heat, se why by 
formula the entropy of saturated water at 20 psi. (b) compare with tabular value and 
give per cent error. Ans. (a) 0.3359, (6) .8356, 0.1. 

7. (a) From tabular values of enthalpy of evaporation and of temperature of evapora- 
tion at 100 psi, compute the entropy of evaporation. (b) Give tabular value and per cent 
error. Ans. (a) 1.1288, (b) 1.1286, 0.02. 

8. Evaporation and superheating in a steam boiler. Pressure 250 psi. Steam is 
initially of 0.80 quality and the final temperature of superheated steam is 500° F. 
Using entropy values of table, compute increase of entropy. Ans. 0.2604. 


(d) Mean Specific Heat of Superheated Steam. 


9. From enthalpy and temperature readings of Table 3, compute mean specifi¢ 
heats at following pressures and temperatures: (a) 1 psi, 120° F to 140° F, (6) at 500 psi 
nd ate : to 480° F, (c) at 4000 psi and from 690° F to 700° F. Ans. (a) 0.45, 

0.84, (c) 2.07. 

10. From enthalpy and temperature readings of Table 3, compute mean specifi¢ 
heats of superheated steam at the following pressures and temperatures, in each com- 
paring values with those obtained from Keenan and Keyes Chart, p 80: (a) 1 psi and 
1000 to 1100° F, (b) 500 psi and 1000° F to 1100° F, (c) 4000 psi and 1000° F to 1100° F, 
Ans. (a) 0.517, 0.51, (b) 0.588, 0.52, (c) 0.761, 0.74. 


(e) Reversible Adiabatic Isentropic Expansion. 


11. Steam initially of 97% quality and at 90 psi is isentropically expanded to 16 
For the end condition, find: (a) quality, (6) specific volume. Ans. (a) 0.879, (b) 21.76, 
12. Steam is initially at 144 psi. It expands isentropically to a final condition 
specified by temperature 220° F, and a vacuum of 1.2 in. of mercury with a barometer 
reading of 30.1 in. of mercury. Find initial temperature. Ans. 748° F. 


(f) Reversible Adiabatic Expansion of Steam behind Piston. Non-Flow. 


This is a non-flow operation and the work done on the piston is equal to the loss 
internal energy. 

18. The initial paceeure of dry saturated steam is 149.3 psig. The adiabatic expan= 
sion continues until the pressure of 16 psi is reached. Compute: (a) final quality, (b) 
work. Ans. (a) 0.869, (6) 157.0. 

14. In this case the initial quality of the steam is zero and saturated water originally 
at 90 psi and in a cylinder behind a piston expands adiabatically, driving the piston 
until the pressure has dropped to 15 psi. During the isentropic expansion some of the 
water expands into steam. Compute: (a) final quality, (6) final specific volume, (¢) 
amount of work done by steam driving piston. Ans. (a) 0.105, (b) 2.76, (c) 15.15. 

15. Steam, initially at 80 psi and of 60% quality, expands adiabatically behind # 
piston to 3 psi. Find: (a) final quality, (6) work done. Ans. (a) 0.565, (b) 129.0. 


(g) Rankine Cycle. 


In each case draw Pv, 7's and hs diagrams and mark numerical values for the critical 
points. As a measure of the comparative size of the hs age Og whether engine or ttt 
bine, to do a unit amount of work, find for each problem the number of cubic feet 
exhaust steam which must be handled in order to perform 10,000 foot pounds of wo 
with the cycle. 
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16. Rankine cycle with initial pressure at the beginning of the isentropic expansion 
300 psi and quality unity and with low pressure ar the aa of the aioe Es psi. 
a Latip is a f (a) heat resect ea incon (c) icstg done, (d) efficiency, 
( m per work unit (cubic fee real 
Ans. (a) 1006.1, (b) 867.6, (c) 138.5, (d) 13.7, (e) 2182) Taetampene 
17. Rankine cycle with initial pressure 100 psi, initial quatity unity, back pressure 1 
a Comments bis ae ; (@) heat A eo rg Ib, (6) heat rejected Btu per lb, (c) 
ork - efficiency, (e) ex i 
()) $25.1, (c) 209-4, (0) 96.17, my Se ust volume per work unit. Ans. (a) 1117.5, 
18. Rankine cycle with initially wet steam. High temperature of saturated steam 
J81.8° F, initial quality 0.80, condensing temperature 213°F. Refer to Table 2 
K & K. Compute: (a) heat received, (b) heat rejected, (c) work done, (d) efficiency, 
(°) work done during constant pressure heat receipt, (f) work on piston during adiabatic 
*Xpansion, (g) work during condensation, (h) work of feed pump, (j) net work of cycle. 
. o) 848.1, (6) 693.8, (c) 153.6, (d) 18.19, (e) 67.2, (f) 189.2, (g)—52.2, (h)—0.57, 
19, Rankine cycle for initially superheated steam. High pressure 250 psi, tempera- 
are ae thant oh cain, gn dg (a) heat Wiggs tb) heat, ered: (c) sik 
one, ; me per work unit in cubi 
1226.5, (b) 840.4, (c) 386.1, (d) 315, (e) 9.0. heise ied 
san 20. ber steam at the beginning of the isentropic expansion dry saturated and at 
50 psi, nd the effect on cycle work and cycle efficiency of changing the lower pressure 
from 15 psi to 1 psi. Ans. (a) work 167.4, 316.9, (b) efficiency, 16.5, 28.2, (c) volume per 
work unit 1.40, 10.53. Work per pound of steam increases 89.3%, thermal efficiency of 


(he cycle is 70.65% greater and the volume of exh: i 
ee digo olume of exhaust steam to be handled is more than 


(h) Carnot Cycle for Steam. 


In each of the examples under this heading, the isothermal addition of heat converts 
A wat urated liquid (water) into a saturated vapor. The solution of each problem should 
pete Em T’s and hs diagrams, with numerical values of properties and of energy 
1 3S. 
21. Carnot Cycle..- The high and low temperatures are the saturation temperatures 
py “ npitlan evap e psi. pore eo (a) heat received, heat pees work 
cycle, cycle efficiency from work and heat received, (c) volume per work unit. 
Ans. (a) 888.8, 759.3, 129.5, (b) 14.57%, (c) 2.334 cu ft per 10,000 ft iis in 
3. Carnot Cycle. The high and low temperatures are the saturation temperatures 
‘4 shetag 0 Dig gs : psi. af oe W4 sae’ received, heat rejected, work done, 
') cycle efficiency, (c) volume per 10, it. Ans. : 
) 2794, is isa aes pe work uni ns. (a) 888.8, 633.7, 255.1, 
23, Carnot Cycle. High temperature 400.95° F, low temperature 101.74° F. Find: 
fo) heat received, heat rejected, work of cycle, (b) cycle eficionay. (c) volume per 10,000 
(lb work unit. Ans. (a) 825.1, 588.3, 286.8, (6) 34.8%, (c) 11.29 cu ft per 10,000 ft Ib. 
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CHAPTER VI 
THERMODYNAMICS, TESTING AND PERFORMANCE OF STEAM ENGINES 


86. Steam Engine Losses.—Incomplete expansion in the engine 
cylinder causes some loss of the available energy of the steam supplied. 
The Rankine cycle is shown lettered abcd in Fig. 40 and 41. The volume 
of the steam at d is very great and large cylinder dimensions are required 
to contain this steam. By letting release occur at e the steam rushes into 
the exhaust without undergoing complete expansion in the cylinder, 





foes at Poeeale 


— ij 
i) 
5s. no 


Fic. 40. PV Diagram, Incomplete Fie. 41. 7s Diagram, Incomplete 
Expansion Cycle. Expansion Cycle. 





3 }------------ 





Consequently the cylinder volume need only be made large enough 
accommodate the volume at e instead of the volume at d. Work lost b. 
this incomplete expansion is shown by the area edf on the PV diagram, 
This lost work is evidenced by an increase in the enthalpy of the exhau 
steam, so that more heat is rejected than would be with complete exp: 
sion. The area, dhon, on the 7'S diagram, represents this addition 
heat rejected in the exhaust. By correct choice of volume (and p 
sure) at e the incomplete expansion loss is largely compensated in t 
actual engine by reduction in engine friction due to smaller cylind 
dimensions. 

87. Heat Transfer Loss During Admission and Expansion.—Unl 
steam is superheated on entering the cylinder some of it condenses 

O4 
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coming into contact with the cylinder walls which have been cooled by 
(he low temperature exhaust steam leaving from the previous stroke. 
‘his heat transfer phenomenon goes under the name of initial condensa- 
tion and re-evaporation. A large portion of the available energy in the 
seam which could be turned into work at the high inlet temperature and 
pressure is lost because of the condensation during admission and early 
expansion. Although some energy is regained by re-evaporation later in 
(he stroke the net result is that the conversion into work per pound of 
sleam is greatly reduced and the steam leaves the engine with a much 
yreater enthalpy than would exist if this heat transfer effect could be 
eliminated. 

Various methods of reducing initial condensation and re-evaporation 
losses are used. Compounding reduces these losses by reducing the 
(omperature drop in each cylinder. The temperature drop from inlet to 
exhaust occurs in two or more cylinders instead of in one. Superheating 
of inlet steam reduces initial condensation mainly because it reduces the 
vocflicient of heat transfer. Steam jacketing slightly reduces initial con- 
densation. The unaflow engine operates with small initial condensation 
loss because the steam flows only in one direction through the cylinder 
und the cool exhaust steam does not come into contact with the inlet 
jussages (see Sect. 56). The unaflow engine 
ually shows better economy than even a 
“ompound engine and the lack of complexity 
of « simple engine makes the unaflow a 
fuvored type. 

88. Heat Loss in the Exhaust Steam.— 
‘This amounts to from 70 to more than 95 
per cent of the energy supplied in the 
sleam. This loss is reduced by (1) operat- 
li condensing (exhaust pressure less than 
ilmospheric), (2) by increasing initial steam 
pressures and temperatures and (3) by 
decreasing the previously described heat 
lo C8, 

89. Work and Mean Effective Pressure of the Conventional Diagram. 

It, is convenient for purposes of design and analysis to make use of the 
socalled conventional steam engine diagram. The conventional dia- 
ram, Vig. 42, is an idealized indicator diagram. Admission be on the 
sonventional diagram takes place at boiler pressure with no throttling or 
wire drawing. Expansion cd is assumed to follow the relationship 





V Vo 


Fie. 42. Conventional 
Indicator Diagram. 
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PV" =(C. The value of n for expanding steam varies from less than 1.0 
to more than 1.3, depending upon the condition of the steam, wet or 
superheated. For initially saturated steam expanding, 7 is close to unity 
and this value is used in calculations with the diagram. Although 
PV = Cis the isothermal equation for a perfect gas this is not true in the 
case of steam. At d release occurs and from e to a the steam is exhausted 
at constant pressure. 

The ratio of the volume at the end of expansion to the volume at 
beginning of expansion is called the ratio of expansion, and is denoted 
by vr. The percentage of the stroke completed at cut-off equals be + ea. 
This ratio defines the reciprocal of r. 

The pressure along bc is the admission pressure, denoted by P:. The 
pressure along ea is the exhaust pressure, or back pressure, and is denoted 
by Po. The volume at e, or ea, is the volume swept through by the piston 
in one stroke, and is called piston displacement, or stroke volume. It is 
denoted by Vo. The volume at c is evidently Vo + r. 


During admission, bc, the volume is increasing from 0 to be ( = *) 
while pressure remains constant, and the work done on the piston by the 


steam is P; ue = (Wee 


Vo , and the work 


During expansion, cd, the product PV = C = P; m3 


done on the piston is: 





PiVo YodV it PiVo 


re 2 PRET 
Wea = f Pav ase fe log. r. 


e ‘Va ea 7 
The negative work, or work done on the steam by the piston during 


exhaust, is: 
W ea = PoVo. 


The net work of the two piston strokes ae and ea is: 


Pv tog, i PoVo, 


W= Wee + Wea — Wea= Paso 
or: 


w=v{oa + log.r) ~ Pao}. (1) 


The mean effective pressure, P,,, is defined as that constant pressure 
intensity which, if exerted on the piston during one complete stroke, will 
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do the same amount of work as the actual varying pressure does in two 
complete strokes, or: 


144pmVo = PaVo = Vo { —*(1 + log.7) — Po } 
and, dividing by Vo, 
Ee pease ae = Pi, 
Also, 
1 + log. 
Pm = Di Ses — Po (2) 
The capital P indicates pressure in pounds per square foot, and small p 
indicates pressure in pounds per square inch. 
The ratio of the work that may actually be realized to the work of the 
conventional diagram is called the diagram factor, and is denoted by f. 


The actual mean effective pressure will then be: 
1 + log. 
p=t{ mS? _ py}. (3) 


The value of f varies from about 0.6 to 0.95 in simple engines. 

90. Horsepower Calculation.—Call a the area of the piston in square 
inches, call Z the stroke of the piston in feet, call n the revolutions, or 
double strokes, per minute made by the engine. 

The average force on the side of the piston is pa. The work done 
per revolution, or per double stroke, on one side of the piston will be paL, 
und the work per minute is paLn. As 33,000 ft-lb per min equals 1 horse- 
power, the rate of doing work in horsepower is: 





‘i ay 
pLan deckty MP (4) 


P * 33,000 


In a double-acting engine the steam acts on both sides of the piston. 
‘lhe areas of the piston on the head end (a;,) and crank end (a,) are usually 
different because of the piston rod on the crank end. The mean effective 
pressures p, and p, are also different. For this case the horsepower 
expression becomes 
De Lan : 

33,000 - Se 








= Pr Laxn 
hp 33,000 


lor conventional diagram purposes the variation in areas and mean 
olfective pressures is usually neglected and the horsepower for a double- 
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Ewe weve uid ap Dees 


2pLan Dw tbe otremg . 
= . parr ‘ 6 
S000: “angled (6) 


acting engine is expressed: 





hp 


Exampie 1.—A double-acting engine has a bore of 24 inches, stroke 30 inches, and 
operates at 160 rpm. The steam pressure is 80 psig, the back pressure is 2 psig, cut-off 
occurs at 0.5 stroke, and diagram factor is 0.7. Calculate the horsepower developed by 
the steam on the piston. 

wd? 24? 


Solution.—The area of the piston a = —- = ae ays 453 sq in. 


The expansion ratio is 1 + 0.5 = 2. ; 
The mean effective pressure to be expected is: 


p= f{ Gt Oe” _ p, | = 0.7 { (go + 15) A+ pee?) _ @+15) } 


= 0.7(95 X 0.847 — 17) = 0.7(80.5 — 17) = 44.4 lb per sq in. ¢ 
QpLan _ 2 X 44.4 X 2.5 X 453 X 160 
33,000 — 33,000 


Calling V the average piston speed in fpm, V = 2Ln. . 
Substituting in eq 6, the horsepower of a double-acting engine is: 


The hp = = 488hp. Ans. 





me. ty 
hp = 33 000 (7) 
For a single-acting engine, or one side of a double-acting engine: 
A pave. 
hp = 3X 33,000 (8) 


The last two equations are useful in finding diameter of piston where 
piston speed, mean effective pressure, and horsepower are known. 


Exampir 2.—Find bore of a my double-acting engine with piston speed of 
500 fpm. Initial pressure, 65 psig; cut-off, { stroke; back pressure, 3 psig; diagram or 
card factor, 80 per cent. 


Solution.— 
in = PQ + loger) — po = 5 (1 + loge 4) — 18 = 29.6 Ib per sq in. 


. p = 29.6 X 0.8 = 23.7 Ib per sq in. 


paV_ __ 23.74 500. 
33,000 33,000 


a = 279 sqin.,d = paexs = 18.9in. Ans. 


If stroke equals bore, 


100 = hp = 





00 x 12 
x 18.9 


|~ 
ao 


n= = 


2 


1 





= 160 rpm. 


es) 
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91. Compound Engines.—Engines in which steam is successively 
expanded in two cylinders are called compound engines. The two cylin- 
ders are called high-pressure and low-pressure. When three cylinders 
are used the engine is called triple-expansion compound. The cylinders 
are called high-pressure, intermediate-pressure, and low-pressure. 

By distributing the total expansion between two or more cylinders, 
through which the steam passes in succession, the expansion ratio and 
(he temperature range in each cylinder are decreased and the condensation 
loss reduced. 

Between given pressure and temperature limits the same amount of 
energy in the steam is available for work, whether the expansion occurs 
in the one cylinder of a simple engine, or in the two or more cylinders of a 
compound engine. Consequently, to apply the conventional diagram toa 
compound engine: find the total ratio of expansion for the engine and using 
(his in connection with the low-pressure cylinder dimensions, calculate the 
horsepower. If the diagram of Fig. 42 is for a compound engine the work 
of the high pressure cylinder is begf and the work of the low pressure cyl- 
linder fgdea. The power developed by a compound engine is usually 
balanced, about equal in the high-and low-pressure cylinders. For a 
fixed cut off in the high-pressure cylinder indicating a constant steam 
supply and a fixed power developed by the whole engine:—increasing the 
cul off in the low-pressure cylinder decreases the power developed in that 
vylinder and increases the power developed in the high-pressure cylinder, 
and shortening cut off in the low-pressure cylinder increases low-pressure 
eylinder power and decreases high-pressure cylinder power. In Fig. 42 
/y vepresents low-pressure cut off and moving this up (shortening it) or 
down (lengthening it) verifies the previous statements. The ratio of 
expansion (7) of a compound engine is defined as the volume of the low- 
pressure cylinder (or cylinders) divided by the volume of the high- 
jressure cylinder up to the point of cut off. 

In giving cylinder dimensions the stroke of the engine is given last. 
lor example, a 7 X 8 engine is one having a 7-inch bore and an 8-inch 
stroke, and a 6 X 9 X 15 X 12 is a triple-expansion engine having 12- 
juch stroke and cylinder diameters of 6, 9, and 15 inches for high, inter- 
iodiate and low-pressure cylinders respectively. 

lxameLe 3.—A 12 X 20 X 30 Corliss engine runs 140 rpm. Steam supply is 
115 lb per sq in. gage and exhaust is 10 lb per sq in. vacuum. Cut-off in high-pressure 


eylinder is at § stroke, and in low-pressure cylinder at } stroke. Estimate the horse- 
power developed by this double-acting engine. 
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Solution.— 











jab 
ete low-pres. cyl. vol. Peg 52% eg? ge 74 
high-pres. cyl. vol. at cut-off — Kea sk 9) sh iia 
4 4 


K = cut-off in high-pres. cyl. 
Assume f = 0.77, 


ye 0.77 { (135 + 15) ae ets sae 10) } i \G0''b par ae 


hp = 2bLan _ (2) (43) (80) (20) (20) (140) 
P = 33,000 — (12) (83,000) (4) 





= 286. Ans. 


92. The Indicator and Its Use.—An engine indicator is an instrument 
designed to give a graphical record of the pressures occurring in an engine 
cylinder throughout the stroke. An 
indicator (Fig. 43) in its usual form 
consists of an accurately made cylin- 
der in which a close-fitting piston P 
moves. The motion of the piston P 
is transmitted through its piston rod 
to a spring which on one end is rigidly 
attached to a fixed part of the instru- 
ment. The piston rod actuates a pen= 
cil mechanism which reproduces the 
piston motion, to an enlarged scale, 
on the indicator drum. The displace- 
ment of the pencil arm marker from 
its equilibrium position (in which at- 
mospheric pressure is acting on each 
side of the piston) indicates to an en- 
larged scale the amount the piston 
elongates the calibrated spring and 
hence the pressure acting in the indi- 
cator and engine cylinders. The drum 
is an oscillating cylinder on which are 
two clips for holding the encircling paper or card on which the diagram ig 
traced. The drum is actuated on its out-stroke by a cord connected 
through a reducing motion to the cross head, piston rod or other part of 
the engine having same motion, and on its return stroke by a spring within 
the drum. Thus the drum oscillates in unison with the engine piston, and 
abscissae on the diagram represent piston displacements, volume in cylin 








Fia. 43. Sectional View of Maihak 
Standard Indicator. 
(Bacharach Industrial Instrument Co.) 

























THERMODYNAMICS, TESTING AND PERFORMANCE 101 


er, or point of stroke at any instant. Ordinates on the diagram repre- 
sont pressures in the cylinder. 

The calibrated springs used in an indicator are made of different de- 
wees of stiffness to adapt the indicator to the widely different pressure 
sonditions which may exist. Spring scale or spring number, in this con- 
jection, is defined as that change in pressure, in pounds per square inch, 
required to cause the pencil to move vertically one inch on the drum. 
‘The normal piston size in engine indicators is } square inch, but many 
\idicators are made with provision for changing the pistons and using 
ylinder liners of corresponding size. 

‘To accommodate the long stroke of an engine to the short travel of 
(he indicator drum, reducing motions are used. The fundamental re- 
(lrement of a reducing motion is that the displacement of the drum 
surface be at all times proportional to the engine piston travel. Various 
types of reducing motions are shown in Fig. 44. 


Yi Z Wy 


PivoT 






tORD 





PENDULUM TYPE 


PANTOGRAPH INCLINED PLANE 


Fie. 44. Indicator Reducing Motions. 


REDUCING WHEELS 


In using an indicator, the instrument is mounted and a spring of 
jwoper stiffness selected and put in place. The cord length to the reduc- 
ii motion is adjusted to give a diagram near the middle of the card. 
Tho piston is oiled, put in place in the cylinder and the cap is firmly 
serewed on. The cock should be opened for a short time to let the indi- 
pator cylinder become warm. The cord to the reducing motion can then 
fw connected and the drum will oscillate in unison with the travel of the 
eiuine piston. With the cock closed the pencil should be pressed against 
the card to give the atmospheric line, which corresponds to atmospheric 


j)rensure above and below the indicator piston. This line can be used as a 
‘iatum of pressure. The cock should now be opened and the pencil lightly 
jvowed against the card [ong enough to record a cycle. If a three-way 
took is used the diagram for each end of the cylinder should be obtained 


i) (he same manner, by turning the cock handle to the proper position. 
‘The ordinary piston type indicator is not adapted to engine speeds in 





must be subtracted from the 
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excess of 400 rpm, mainly because of inertia in the moving parts of the” 
indicator. Fig.45 shows an indicator which can be used for speeds up to 


2200 rpm. In this, note the small drum size and the cantilever spring. 


Optical, or electrical indicators using 
the oscilloscope are commonly used 





for high-speed indicating. 
93. The Indicator Diagram and 
Indicated Horsepower.—In Fig. 46 is 
shown an indicator diagram (card) 
taken on a steam engine. The con- 
ditions under which the engine is rum 
ning are indicated _on the diagram, 
The engine is double-acting. The 
position of the atmospheric line show 
that the operation is non-condensing 
Had the operation been condensing 
the exhaust lines on the diagram 
would have appeared beneath the ai 
mospheric line. As an eighty-pound 
_ spring was used in taking the card 
Fic. 45. Maihak High-Speed Indi- each inch of ordinate is equivalent te 
cator. ees r - a 

a pressure change of 80 lb per sq in. 
During the power stroke of an en 
gine the steam does work on the piston while during the return stroki 
the piston does work on the steam. Hence, to find the mean effectiv 


pressure acting during a stroke, the average pressure on return strok 


NWO PS 
ANS 


ONS 
ARKO) 


















(Bacharach Industrial Instrument Co.) 





¥} Indicator Diagrams from 
average pressure on forward = 


10"x 20"Corliss Engine 





an indicator diagram is usually 


Steam Pres. 112 psig 
165 rpm 
Spring Scale 
80 Ib 


stroke. This obviously is the 
same as the average height of 
the ordinates intercepted be- 
tween the upper and lower lines 
of the indicator diagram multi- 
plied by the indicator spring 
scale. The mean ordinate of 





Fia. 46. Indicator Diagrams from Steat 
oo eee Engine. 
determined by finding with a 

planimeter the area of the diagram and then dividing this area by the di 
gram length measured parallel to the atmospheric line. The mean ordinat 
in inches multiplied by the spring scale gives the mean effective pressu 















ae ‘ ¥ Bee Er 
re bidng ’ 
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The power developed in the cylinder of an engine is called indicated 
liorsepower (ihp). The horsepower relationships developed in Sect. 90 
should be used in this connection. 

I’xaMPLE 4.—A 7 in. X 8 in. slide valve engine running at 296 rpm gives indicator 
‘ingrams of 2.41 sq in. on head end, and of 2.47 sq in. on crank end. The length of 


ech diagram is 2.76 in. An 80-lb spring was used. The piston rod diameter is 1% in. 
find the mep on head and crank end and the indicated horsepower (ihp). 


lead end mep (pr) = Sent aaee X spring scale = cde i§ X 80 = 69.8 psi. 








card length 2.76 | 
Mrank end mep (p-) = lh X 80 = 71.6 psi. - 
8 (« 
(69.8) = G oi ) 296 
* 4% Prlarnn 7“ 12\4 : pa 
HE. ibp = F500 = aan = 16.1. Ans. 
84r 
(71.6) = = (7 — 1.875*)296 
CE thy = 2248. st = 15.8. 





33,000 — 33,000 
Total ihp = 16.1 + 15.8 = 31.9. Ans. 


It, is often sufficiently accurate to neglect the slight differences in mep 
iil in area on head and crank ends of the cylinder and for a double- 
2p Lan 
33,000 

In the case of compound engines the ihp developed is calculated sep- 
srutely for the high and for the low-pressure cylinders and the results are 
tolulled for the engine. 

04. The Clearance Volume or Clearance.—This is the total volume 
hetween the piston and cylinder and in the steam ports leading up to the 
valve, when the piston is on dead center (at the end of its stroke). Clear- 
ance volume is valuable in an engine in that the steam trapped and com- 





ioling engine to use ihp = 





jreesed in this volume acts as a cushion for the reciprocating masses of the 
riuine. It has the disadvantage of reducing the ratio of expansion of an 
_/ieine and in some cases it increases initial condensation. Clearance is 
- tistinlly expressed as a percentage of the piston displacement, i.e., of the 
volume swept through by the piston per stroke. 


05. Mechanical Friction Loss.—Brake Horsepower. Less work is 
delivered at the shaft of the engine than is developed in the cylinder be- 
raiieo of frictional losses which occur between all moving parts in the 


iuine. Effective lubrication does much to reduce these losses but can 
fever eliminate them. Frictional losses are considerable between the 
jieton rings and cylinder walls; on the piston rod at the packing gland; 


hwetween the cross head and guides; in the various journals and bearings; 
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in the valve and chest and in the eccentric. A slight loss due to air fri 
tion or windage occurs in high-speed machines. 

Mechanical friction of an engine is not measured directly, but is ge 
erally found as a difference between the measured indicated horsepow 
and the delivered horsepower. Actual horsepower, brake horsepower 
and effective horsepower are other names for the net horsepower that the 
engine supplies to drive another machine. 











Fic. 47. Prony Brake. 


A most common form of dynamometer, or instrument for measuri 
the delivered horsepower of an engine, is the Prony brake, illustrated i 
Fig. 47. 

The engine shaft, A, drives a pulley, shown as the inner large cirel 
A steel brake band, shown by the outer large circle, is provided wi 
wooden blocks to bear against the pulley. A safety stop, C, bolted tot 
floor, limits the rotation of the brake band to a small oscillation. 
two inclined extensions of the brake band, seen to the right, form t 
brake arm. A knife edge on the brake arm rests in a hardened socket in 
strut or rod resting on platform scales. 

With the clamp, B, relaxed, the weight of the brake arm and strut 
the scales is measured and recorded as the tare. With the engine rotati 
in the direction indicated, the clamp is tightened, causing the brake 
grip the pulley. The rotation of the pulley thus causes the brake arm 
press down on the scales with an additional force, ¥. The heat genera 
is absorbed by the evaporation of cooling water admitted to the inside 
rim of the brake pulley. 
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The torque opposing the rotation of the pulley i is FR. The work done 
por minute against this torque is: 


Work = torque X radians = F'R2rn. 


The brake horsepower (bhp) = ae. (9) 





In this formula: 


Fr’ = the net weight on scale in pounds, or the difference between the 
gross weight and the tare. 

R = the brake arm in feet, or the horizontal distance from the center 
of the engine shaft to the vertical line through the knife edge. 

n = the revolutions per minute of the engine. 


IxampLEe 5.—An engine runs at 300 rpm. The gross weight on scale i is 80 lb, the 
tare is 20 Ib. The brake arm is 48 in. Find the brake horsepower. 





Solution.— 
n = 300; 
F = 80 — 20 = 60 |b; 
48 
Be | a 4 ft; 
Be 
Bhp: = 2rRFn\ 274 X 60 X 300 din’ «dkiei, 


33,000 33,000 


The ratio of the brake or developed horsepower to the indicated horse- 
power is known as the mechanical efficiency. 


lxameite 6.—A Prony brake attached to the 7 in. X 8 in. engine of Example 4, 





Moeol, 98, gave a gross weight of 191 Ib when the indicator cards were taken. The arm 
uf tho brake was 42 i in., tare 48 Ib and the speed 296 rpm. Find the bhp, the mechanical 
oiliviency and the friction horsepower (fhp). 

Solution.— 

_ 2RFn _ 2r(42)(191 — 48)296 _ 
Bhp = 33000 ~ (12) 38,000 2% Ans 
[hp from Example 4, Sect. 98, is 31.9. 
Pree _ bhp _ 28.2 
Mechanical eff, én = ihp "30 = 0.884 or 88.4%. Ans. 


I'rietion Horsepower (fhp) = 31.9 — 28.2 = 3.7. Ans. 


‘he loss caused by friction in engines varies from about 4 to 20 per 
vont of the indicated power in the engines operating near rated load. The 
sondition of the engine, method of lubrication and features of design affect 
the amount of this loss. Friction horsepower at constant speed increases 
slightly withload. Fig. 49 shows typically how mechanical efficiency and 
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friction horsepower vary with load for engines running at approximately 
| constant speed. 
| 96. Steam Rate, Heat Rate, Thermal Efficiency.—The quantity of 
steam used by an engine is found by condensing and weighing the exhaust 
steam or by other suitable test means. The enthalpy of the steam 
entering an engine is determined from readings of line temperature and 


pressure or from calorimeter readings (Sect. 72) if the steam is saturated 


Solution.— 
pi = 145.5 + (29.55)(0.491) = 160.0 psi; 
h, = 1240.6 Btu, from Steam Table 3, for steam at 160 psi and 440° F; 
p2 = 29.55 — 21.40 = 8.15 in. Hg = 4.0 psi; 
hy. = 120.9 Btu from Steam Table 2, for 4.0 psi. 
lout consumed or heat supplied per lb of steam is 
hi — hy. = 1240.6 — 120.9 = 1119.7 Btu; 





at the temperature corresponding to the exhaust pressure. Actually some 


sub-cooling of the condensate occurs so that the water temperature ente M, = x = 28.46 lb steam per bhp-hr. 

ing the boiler feed system is less than the saturation temperature of the Heat ti ae a 

exhaust steam. However, as this sub-cooling loss is external to the en at SOME Tae ee rae eee peo) Geren oe 
gine or turbine it is specified in the A.S.M.E. Power Test Code and it i Thermal eff, en = sane di 0.0799 = 7.99%. Ans. 


customary to assume, that the heat supplied to each pound of steam used rsa lan ll ete 


by the engine or turbine is that amount required to change one pound ¢ 


water, at the saturation temperature corresponding to the exhaust pres 


sure, into steam at the condition it is supplied to the unit. When a com 
plete plant is under test and not the engine alone, actual feed-water tem: 
perature must be considered. 


The thermal efficiency of an engine is the ratio of the work outp 


97. Engine Efficiency.—The performance of an engine or turbine is 
\wually compared with the performance of an ideal engine operating on 
(he Rankine cycle under the same steam conditions. The ratio of the 





work developed by the actual machine, per pound of steam, to the work 
ivailable on the Rankine cycle for the same steam conditions is called 
Ongine efficiency or Rankine efficiency ratio. 


developed to the heat energy supplied to produce that output. 


In figuring thermal efficiencies it is convenient to make use of th 








l|X AMPLE 8,—Find the engine efficiency of the previous example. 





horsepower-hour (2544 Btu) or the kilowatt-hour (3413 Btu) as a unit 6 wohution.— 
output. P ‘ pi = 160.0 psi; ti = 440° F; 
The weight of steam used by the engine per hour divided by the horse hi = 1240.6 Btu; 81 = 1.6169. 





power or kilowatts developed equals the pounds of steam per horsepowe 


hour (M;) or the pounds of steam per kilowatt-hour (Mz). M, and 


are called steam rates or water rates. 








‘The entropy during expansion remains constant on the Rankine cycle, i.e., s1 = 82. 
81 = 1.6169 = sro + reSyg2; 


The heat supplied per pound of steam is equal to the h of the steam oS ee 
at inlet conditions (hi) minus the h of saturated liquid at exhaust pressure te = a ee = io = 0.851 = 85.1% quality after isentropic 
(hyo). Heat supplied = (hi — hye) Btu perlb. For high-pressure work, expansion; i 
calculate heat supplied as shown in Chapter IV. he = 120.86 + (1006.4) (0.851) = 977.3 Btu, after isentropic expansion; 





é 2544. 2544. (hy — hy), = 1240.6 — 977.3 = 263.3 Btu, heat available for work under isentropi 
Thermal efficiency, en = Mth, — by) = Heat rate. expansion conditions. a 
3413 34 13 (hy = he), could also be read directly from the Mollier (enthalpy-entropy) chart. 





Thermal efficiency, ¢, = 


(11) 






M,(bi oe hye) % Heat rate. 


Examp.e 7.—An engine uses 2020 lb steam per hour when developing 71 brake ho 


‘The energy converted to work per Ib of steam = pao = 89.4 Btu. 


power. Steam is supplied at 145.5 psig pressure at a temperature of 440° F. 28.46 Ib of steam are required to produce 1 hp-hr. 
exhaust pressure is 21.40 in. of Hg vacuum. Barometer reads 29.55 in. Hg. 89.4 i 
the heat consumption per horsepower-hour, and the thermal efficiency. Dngine off = 363 0.340 = 34.0%. Ans. 
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Engine efficiency can also be considered as the ratio of thermal effi 
ciency to Rankine cycle efficiency. 


: 2544 (hi — hg), 2544 
ee ie ae 
Engine eff = 77h, — hp) * bib, ~ Mit —by). | 
Engine eff = 0.0709 + 7°35 = 0,340 = 34.0% for Example 8. 


98. Performance of Steam Engines.—The performance of a ste 
engine is expressed in pounds of steam per horsepower-hour or in Btu con 


aasdba ofr) eho of veo) cb vale 
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Fic. 48. Typical Engine Steam-Rate Curves. 


sumed per horsepower-hour. The latter method is preferable but t 
full significance of neither method is evident unless operating steam co 
ditions are stated. Typical steam rates of various engines are given 
Fig. 48. 
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Characteristic curves of a simple steam engine are shown in Fig. 49. 
A plot of total steam per hour against ihp, bhp, or kw output is approx- 
imately a straight line. This line is frequently called the Willans Line. 
When throttling governing is used the deviation from a straight line is 
slight, but with variable cut-off governing the line swings upward. The 
slope of this line and its intercept on the axis varies with the inlet steam 
jrossure. If the hourly steam consumption of an engine is known at two 
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F'ta. 49. Characteristic Performance Curves of a Steam Engine. 


> ifferent loads, by plotting a Willans Line using these two points, it is pos- 


_ ile to find the approximate steam consumption and steam rate at any 
ind 

00, Exhaust Steam for Heating or Process Work.—Whenever the 
miaust steam from a steam engine or turbine can be used for heating 
Hf process work, power can be developed at low cost. In many instances 
the engine or turbine can be used almost as a throttle valve, reducing the 
hwilor pressure to the pressure required for the heating or process work. 
‘The heat taken from the steam as work in the engine is a relatively small 
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amount of the energy in the steam. Whether or not power can be gener- 
ated more cheaply than it can be purchased must in every instance be 
solved for the specific installation. In general it may be stated that 
unless some utilization of exhaust steam is possible the very small power 
plant cannot economically compete with the large central station in 
generating power. 

The exhaust steam from units running condensing under high vacuums 
is usually worthless for process work, because temperatures are too low. 
Formerly in power plants, steam-driven auxiliaries exhausting at atmos- 
pheric pressure supplied exhaust steam for heating the feed water. Al 
though the small auxiliaries were not efficient in the use of steam the 
process was justifiable because the heat in the exhaust steam went into 
the feed water. Present power-plant practice favors extraction feed 
water heating and motor-driven auxiliaries. 

100. Pumping Engines, Duty.—In pumping stations slow-speed com- 
pound engines driving reciprocating pumps have been extensively devel 
oped. Although at present more turbine-driven pump units are being 
installed than engine-driven units because less space is required and » 1100 
because of cheaper first cost, the steam engine is still important in thi 
field. In expressing performance in this connection the term duty is used, 
Duty is defined as the number of foot pounds of output work done it 
pumping the water per 1,000,000 Btu supplied to the engine (turbine). 

Duty of steam pumps runs from less than 10,000,000 ft-lb in smal 
duplex non-condensing pumps to more than 185,000,000 ft-lb in the large 
capacity flywheel pumps, driven by compound engines and operating 
under vacuum, with initial steam pressures in excess of 200 psi. 

101. Throttling Governing.—The action of the governor in either am 
engine or a turbine can act to control the output by throttling the steam 
and this is the most general method employed. However, the stean 
engine can also be governed by varying the cut-off while the turbine cam 
be governed by opening or closing either banks of nozzles or supple 
mentary steam-inlet passages. Throttling has the disadvantage 6 
causing a loss of available energy and thereby reducing thermal efficiency 

On Fig. 50 consider the isentropic expansion of steam as shown by 
Ato B. For this condition the energy available for work is (ha — hp) 
Let us now suppose that the steam before entering the cylinder of a 

engine or the nozzles of a turbine is throttled to some lower pressure 
indicated by the point C. From C to the same exhaust pressure as befo 
the energy now remaining ideally available for work is shown as th 
isentropic expansion from C to D and amounts in magnitude to (he — hp) 
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The throttling process is adiabatic and no work isdone. Insucha proce 
the enthalpy remains constant as shown by the isenthalpic line AC. 


Examp.e 9.—Find the decrease in output of an ideal engine operating on t 
Rankine cycle when the supply steam is throttled to 60 psi before being used. Th 
steam for the engine is supplied as dry steam at 100 psi and the exhaust pressure is 5 psi 
Compute also the percentage decrease in cycle efficiency. 

‘olution.—Under supply conditions the available energy is ha — hg on Fig. 50 an 
this amounts to 1187.2 — 980.9 = 206.3 Btu per lb; with values read from the Molli 
chart or found by isentropic computation. If throttling to 60 psi occurs the steam fro} 
A to C becomes superheated and arrives at a final value of 310.3° F, s = 1.6564, v =7. 
cu ft per Ib with h constant at 1187.2. Isentropic expansion to 5 psi, point D, sho 
hp = 1014.6 Btu per lb. 


he — hp = 1187.2 — 1014.6 = 172.6 Btu per lb. 
The available energy dissipated by throttling thus amounts to 


206.3 — 172.6 = 33.7 Btu per lb 

33.7 
206.3 oT 
In addition, the specific volume of the steam increases during throttling from the origi 
value for 100 psi dry steam of 4.432; to 7.404 cu ft per lb. This increase in volume 
creases the output because less weight of steam at the higher specific volume can fl 
through passages of fixed size. The resultant output of the engine decreases from bo! 
effects in amount 

172.6 _, 4.432 

2063 x 7-404 < 100 = 0.836 X 0.599 = 50.0 per cent. Ans. 
Notice that the volume-increase effect is more significant in reducing output than t) 
decrease in available energy. 

The percentage decrease in cycle efficiency is 


206.3 — 172.6 
206.3 


Dividing (206.3 — 172.6) by 172.6 gives steam rate increase of 19.5 per cent. 


X 100 = 16.3 per cent decrease in output from the decrease in available ener 


X 100 = 16.3 per cent. Ans. 


For small output variations throttling offers a convenient and simpl 
method of load control but for wide variations it can be very wastefu' 
In the nozzles of a turbine volume increases at the throat of the nozz 
in excess of that existing at entry to the nozzle and throttling is th 
even more effective and economical in a turbine than in an engine. 

102. Governing.—Engines or turbines driving direct current gene 
tors must not vary in speed more than about | per cent. Variation 
speed causes an undesirable voltage variation. Alternators operating 
parallel must not vary in speed more than a fraction of 1 per cent. ‘T’ 
tile machinery also requires very steady speed in the engine driving t 
In engines driving gas and water pumps, a greater speed variation 
permissible. Thus, except when used for driving vehicles or locomotiv 
or vessels, the engine or turbine must maintain a reasonably const; 
speed, though the power demand varies. 
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Governing consists in changing the output of the engine to suit the 
vurying demand for power in such a way that the speed of the engine and 
of the driven machine are kept nearly constant. 

Fly-Ball Governor.—The oldest governor type is the centrifugal shown 
in Vig. 51. The vertical shaft O, is driven from the engine shaft by gears 
or belt and bevel gears. The forging R keyed to shaft at O is extended in 
(he form of a bracket. Pivots at BB in the 
lwucket permit the bell crank levers provided 
with the masses MM to oscillate. These levers 
ive usually called governor balls or fly balls. 
The horizontal arms of the governor balls support 
(he links CD at C. The links in turn support 
the sleeve S, which is free to slide vertically on 
(he shaft but must turn with it. The sleeve is 
londed with a weight W. 

As the masses M rotate centrifugal force im- 
pele them radially outward, thus exerting an up- 
ward force on the links CD and the sleeve S. pyg. 51, Fly-Ball Gov- 
The force of gravity on the weight W opposes ernor. 

(his upward force on the sleeve. 

When the shaft speed is high enough for centrifugal force to overcome 
the force of gravity on W, the sleeve moves upward. A governor fork, 
iol shown, fitting in the slot in the sleeve at A, transmits the motion 
which may be used to close a throttle or change the motion of an eccentric. 
‘The weight W may be replaced by a spring in the same location, or one or 
fiore springs from EH to # may connect the balls. 

‘The masses M rotate in a circular path of radius r ft. The radial 
jovcleration a of a body travelling in a circular path at an angular 
velocity w radians per second is: 





a= ro. (18) 


- lhe centrifugal force acting on mass M is: 


Ma Mre? 
ring SO (14) 


The weight W equals the sum of the upward pulls of the two governor 
hulls on the sleeve, or: 





a 
b 32.17. (15) 
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The angular velocity is: “a 103. Cut-off or Automatic Governing.—Instead of throttling the steam 
oS hehe! a (16 supply of an engine to regulate the amount admitted according to the 
loud, the period of steam admis- 


where n is the revolutions per minute of governor shaft. sion may be altered according to 
























c, ¢ 
Examp_e 10.—The abe shaft ae Bt are. Ra Hon en Fg he in. Di the load. b : 
tances a and b are 4 in. and 2 in. respectively. e weight of each of the govern ; = 
balls is equivalent to lb concentrated at ZH. Find weight W. In * his system, called cut- off 
er governing or automatic governing, 
Solution.—By eq 16, w = 2m =~ = 22 radians per sec. (he period of steam admission is P 
ae illered by changing the time of d 
By eq 13, a = 75 X 22 = 121 ft per sec per sec. oul-off, leaving admission or the dy 
Ma 0.75 hoginning of the period of admis- a 
By eq 14, F = a547 = ag 77 X 121 = 2.8 bb. sion, unaltered. a 
This involves no reduction in V 


2 


Exampte 11.—In the governor of Paes 10, what percentage increase in 
is required to overcome an additional force of 0.5 lb resisting motion of sleeve? 
Solution.—As centrifugal force varies as the square of 
speed, eq 14 and 15: 
mn? 112405 _ 


.ene aie 1.044, 


4 
By eq 15, W = 2F 2 =2X28==11.2lb. Ans. : i 
ye b (he ideal thermal efficiency at light P16. 58. PV Diagram Showing Gov- 


jouds. Fig. 53 shows the conven- ia Tape ig ap 
(ional steam diagram as influenced by cut-off governing. The line abcde 
applies to full load, and abcidie applies to a partial load. 


and 
my = V1.044 n, = 1.022 mn. 


Therefore the required speed variation is 2.2% increase. A 


Turbines are usually provided with two go 
ernors, one to keep the speed at the desired val 
the second to stop the turbine if the first govern 
fails and the turbine speed rises some predetermin: 
amount, as 5 per cent. 

Figure 52 is a diagrammatic sketch of a cen 
Fic. 52. Centrifu- fugal turbine governor for a small turbine. 0 is t 
gal S diene Spe rotating shaft, which may be vertical or horizontal a 

may be driven from the main shaft by gearing. T 
governor cup A keyed to the shaft supports light semi-cylindrical weigh 
M on knife edges B and lift sleeve D, which they engage at round 
knife edge C. Motion of sleeve D is resisted by helical spring EZ whi 
may be adjusted by nut F, and speed thus regulated. The shaft 0 
generally made hollow and motion of sleeve is transmitted by a rod slidi 
inside O and connected to C by pin passing through a slot in the sh 
Obviously other means may be used to transmit the motion. Ot 
governing devices are shown in Chapter XIII. 





Eccentric 
lever pivot F 





Fig. 54. Flywheel Governor. 
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Governors for slide valve steam engines are frequently mounted on the 
engine flywheel and operate to change the valve travel under varying load 
conditions. Fig. 54 is a flywheel governor of the Robb-Armstrong type. 
The eccentric, whose center is V’, is not mounted directly on the crank 
shaft, but forms the large end of a casting which oscillates about the pivot 
Z, mounted on one of the flywheels of the engine. It will be noticed that 
this pivot is almost diametrically opposite the crank pin. The governor 
weight shown swings outward under the action of centrifugal force and 
is held back by the leaf spring to which it is attached. As the governor 
weight swings outward under the action of centrifugal force, the eccen- 
tric center describes the arc V’V’1. When the eccentric swings, the ec- 
centric radius and the eccentric angle both change. 


104. Problems.— 


Engines are double-acting. Unless otherwise stated, pressures are absolute. 
(a) Conventional Diagram. 

1. A steam engine is 20 X 30 in. and runs at 150 rpm. When supplied with steam 
at 150 lb per sq in. and exhausting at 1.3 lb. per sq in. gage, find the probable horse- 
power. Assume card factor of 0.8. Cut-off occurs at ¢ stroke. 

2. Find the horsepower of Problem 1 when the back pressure is 3 lb per sq in., 
all other conditions the same. 

3. Find the cylinder dimensions of a steam engine to develop 100 hp, supplied 
with steam at 200 psi, exhaust atmospheric, cut-off at 2 stroke, piston speed 500 fpm. 
Assume a card factor of 0.75. Ratio of bore to stroke 1.2. 

4. A locomotive has 2 steam cylinders 20 X 30 in. and driving wheels are 4 ft in 
diameter. Steam is supplied at 250 lb per sq in. and exhaust takes place at 20 lb per 
sqin. Cut-off occurs at 65 per cent of stroke. The diagram factor is 0.70. What ihp 
is the locomotive developing when running at 40 miles per hr? 

5. A compound engine 12 X 20 X 16, 200 rpm has initial steam pressure 125 psi and 
back pressure 2 psi. Cut-off in the H.P. cylinder is 0.4 stroke. Card factor is 0.65, 
Find the mean effective pressure, and the horsepower. 


(b) Indicated and Brake Horsepower. 


6. The arm of a Prony brake is 54 in. Tare is 25 lb. Gross weight is 110 lb, 
Rpm = 180. Find brake horsepower. 

7. An 8 X 10 X 270 D.A. steam engine has a mean effective pressure of 42 Ib 
er sq in. The power of the engine is absorbed by a Prony brake of 48-in. radius, 
he net weight on the scales is 127 lb. Find the indicated and the brake horsepower 

and mechanical efficiency. Piston rod diam, 14 in. 

sg. A 10 X 10 X 250 D.A. engine gives an indicator card of 1.8 sq in. area and 
length 3.2 in. with spring scale 80. The Prony brake has radius 39 in., tare 15 lb, 
and gross weight 195 lb. Find ihp, bhp, and mechanical efficiency. 

9. A10 X 12in. engine running 200 rpm gives cards of area 3.2 sq in. and 3.3 sq in, 
on head and crank ends respectively. The length of each diagram is 2.8in. A 100-lb 
indicator spring was used. Piston rod diameter 1} in. Find mep’s on each end of 
cylinder and ihp developed. ; 

10. An 84 X 10 in. engine with 14 in. diameter piston rod, running 300 rpm, ve 
mep’s of 30.6 and 29.8 Ib per sq in. on head end and crank end respectively. If the 
combined electrical and mechanical efficiency of this engine and its connected generator 
is 84 per cent, find the delivered kw at this load. 

11. The ratio of volumes of L.P. to H.P. cylinders is 2.2 and stroke is the same, 
The total expansion ratio is 8. Initial pressure is 130 psig, and back pressure is 1} 
psia. Card factor is 0.6. If piston speed is 600 fpm, the brake horsepower is 800, 
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(he mechanical efficiency is 88 per cent, and stroke equals 1.2 times diameter of H.P. 
vylinder, find the bore of each cylinder, the stroke, and the rpm. Engine is D.A. 

12. A 12 X 16 X 15 double-acting compound engine runs at 200 rpm. Piston 
tod diameter is 13 in. on both cylinders. The mep’s are as follows: High-pressure cyl., 
(0 Ib per sq in. on H.E. and 59 on C.E., low-pressure cyl., 34 on H.E. and 35 on C.E. 
lind the ihp developed. 


(¢) Thermal and Engine Efficiencies. 


13. An engine on test used 4600 Ib of steam in 30 minutes. Steam was supplied 
u( 208 psi at 96 per cent quality, exhaust was at 25 in. vacuum referred to a 30-in. 
lwrometer. 350 ihp were developed by the engine. Find (a) heat supplied (charged) 
'o engine per lb of steam; (6) steam rate, lb per ihp-hr; (c) heat rate, Btu per ihp-hr; 
(/) thermal efficiency. ; 

14. Find the engine efficiency (Rankine efficiency ratio) for Problem 13. 

15. An engine generator unit has a full load steam rate of 34 lb per kwh when sup- 
plied with steam at 240 psi, at a temperature of 460° F, and exhaust occurs at 3 psi. Gen- 
erator efficiency is 91 per cent at rated load of 200 kw. Find, (a) heat rate based on 
(lelivered kw and on electrical horsepower; (b) thermal efficiency based on kw and 
on bhp; (c) engine eff based on kw and on bhp. 

16. The clearance volume of an engine is 10 per cent and cut-off occurs at 20 per cent 
ol stroke. Find the ratio of expansion (a) neglecting clearance, (b) considering clearance. 
(Suggestion: follow definition of ratio of expansion and set up expression.) 

(7. Find the decrease in output which would occur with an ideal engine if its steam 
tupply at 300 psi at 500° F is throttled to 200 psi. The exhaust pressure is 10 psi for 
loth cases. Fine the percentage decrease in efficiency resulting from throttling. 

_18. Rework problem 17 to find whether the results previously found are valid if the 
imine efficiency for isentropic expansion is 70 per cent based on the actual steam supply 
wndition at the engine cylinder ports, both for the throttled and unthrottled steam. 

19. Work problem 17 if dry steam at 160 psi is available but under part load condi- 
\\ons throttling to 100 psi takes place. Exhaust is at 14.7 psi. 


References 
‘Tout Code for Reciprocating Steam Engines 1985. Am. Soc. of Mechanical Engineers. 


Aneéwers. 

1, 422 hp 

¥. 494 hp 

i, d—9 in., 1—7.5 in. 

1, 3965 hp 

§, mep 33.1 psi, 168 ihp 

6, 18.1 

7, 28.4 ihp, 26.1 bhp, 91.8% mech. eff. 

N, 44.6 ihp, 27.8 bhp, 62% mech. eff. 

!, mep’s: head 114.3, crank 117.8: 109.1 ihp. 
0, 15.03 kw 
|, 20.8 44.3 X 35.7 and 100.4 rpm 

!, 205.5 ibp 
fa ) 1063.6, (b) 26.26, (c) 28,000, (d) 9.09% 
60% 

' (a) ray soi (b) 8.88%, 9.78%, (c) 33.2%, 36.6% 
\, (a) 5, (b) 33 
/, 10% decrease in output; 10.5% decrease in efficiency 
1), Drop in efficiency 19%; drop in power 49.5%. 
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| CHAPTER VII 
FUELS AND POWER 


105. Source, Kinds, Distribution of Fuels.—The combustion of fuels 
in the furnaces of steam boilers or in the combustion chambers of internal 
combustion engines or turbines supplies the energy used to operate steam: 
power plants or any form of gas power plants stationary or portable 
These types account for about two-thirds of all power generated in the 
United States. The other third, power generated by the fall of water 
is of most importance in the electrical field. 

Besides the ability to generate heat when burned in air, other asso 
ciated chemical reactions may determine the value of a fuel. Sueb 
processes may be helpful, as in a blast furnace, or harmful, as the action 
of sulphur in a boiler furnace. Also, the heat evolved may be used in 
raising temperature or in drying, as well as in the generation of power. 

The chemical energy, or heat energy of fuels, is ultimately derivec 
from solar radiation, which acts on the carbon dioxide and oxygen of the 
air to produce cellulose from which, more or less directly, both coal 
and petroleum are derived. The combustible elements in all fuels a 
carbon and hydrogen, which liberate large amounts of heat when burned 
in air. Sulphur, phosphorus and some other elements found mixed with 
fuels in small amounts generate a little heat on combustion, but alse 
produce combustion products that are deleterious to all forms of powe 
plant apparatus. 

More than 80 per cent by weight of known natural fuels are solid 

occurring mainly as forms of coal. Liquid fuels are next in importane 
Gaseous fuels, while very valuable, exist in relatively limited quantitie 
Artificial fuels are made by heating or distillation of solid (for ex 
ample, coke oven gas from coal) or liquid natural fuels and secondly, by 
process of partial combustion or conversion mainly of solid fuels (for ex 
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, ample, producer gas and water gas) to combustible gases. 

In order of importance, the places where coal is now being mined a 
\ the east-central part of the United States, West Central Europe and 
; England. 


Oil and natural gas are being produced in almost every country 00 
cupying that part of the tropic and temperate zone region located ne 


the Equator. 
118 








Map of U. 8S. Coal Distribution. 


Fig. A. 
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Figure A shows the distribution of coal and gas production in the 
United States in recent years. The distribution of oil is nearly the same 
as that of gas, and is shown in Fig. B. 

106. Origin, History.—Coal results from the decomposition of woody 
vegetable matter originally deposited on the surface of the earth. The 
wood first decays or ferments under the action of organic life. Later, 
\nder the action of high temperatures and pressures caused by movement 
in the earth’s crust, and especially in the presence of water, both physical 
und chemical alterations take place. 

The principal constituent of wood is cellulose, C6Hi00;. Wood also 
eontains small amounts of resin and mineral compounds. ‘Table 3 shows 
successive changes in composition for a transition from cellulose to anthra- 
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Bergius has shown that a similar decomposition can be produced 
very rapidly by exposing cellulose to the action of water at nearly the 
eritical temperature, 700° F. Within a few hours a black powder is 
produced closely resembling in chemical composition bituminous coal. 
lty then exposing it to a pressure of several thousand atmospheres the 
powder is compacted to a solid closely resembling in physical properties 
hiluminous coal. 

The natural fuels, except cellulose, have a small amount of nitrogen, 
wonerally less than 1 per cent. 

As the change from wood to coal is continuous, the name 


\iluminous coal, and anthracite coal have no precise significance. In- 
jumerable varieties are found and the boundaries between the various 


fuels are not definite. 


Peat has not proceeded beyond the putrefactive stage. It is always 


wociated with a large percentage of water and plainly shows the original 
vewetable fiber. It is found in bogs and is cut into cakes and dried before 


heing burned. 
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Lignite also shows plainly the original woody texture. _ It has much 
less water than peat. ; 

The amount of earthy impurity or “ash” increases from a fraction of 
1 per cent in wood to 20 per cent or more in anthracite coal. The density, 
or specific gravity, changes steadily from less than unity in wood to 1.4 
in bituminous coal, and as high as 1.8 in anthracite coal. The color 
darkens, the hardness increases, and the difficulty in igniting increases 
from wood to coal. ; 

107. Coal Composition, Properties.—The United States Geological 
Survey classifies coal by ranks as follows: peat, lignite, sub-bituminous, 
bituminous, semi-anthracite and anthracite. Far more bituminous coa 
is now being mined than any other. Bituminous coal is subdivided into 
low-volatile and high-volatile; and high-volatile bituminous coal is again 
subdivided as shown in Table 4. The moisture and ash are given in this 
table in connection with the proximate analysis, but the figures given for 
these two properties apply equally to the ultimate analysis. The table is 
based on analyses of 43 U.S. coals given by A. L. Nicolai in Combustion 
Engineering, March 1942. 











TABLE 4 
Average ANALYsES or TypicaL U. 8. Coats 
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Ultimate Analysis (by weight) 









































Proximate Analysis 
tow dot Coal a 
Kind of Coal ' se 
Bam- Car- | Hydro-} Sul- | Oxy- | Nitro- 
ples Vol. i Ash | Water how po phur | gen | gen 
Anthracite 4.36] 82.70] 9.34] 3.60 | 82.1 2.2 0.6 1.2 0.9 
3 Geant aetaraitie 9.6 | 74.8 | 12.9 2.7, \Tt0 3.3 1.0 1.97 e 
6 Low vol. bitum. | 18.4 | 71.4 7.15 | 3.05| 80.70] 4.25 1.07 2.27 ae 
15 High vol. A 35.1 | 53.7 Ty 3.6 | 74.5 5.1 1.3 6.4 5 
bitum.—. 
5 Hiab 20k 35.9 | 47.8 | 8.5 7.9 | 69.1 4.6 1.8 8 14 
itum.—B 
4 He 36.9 | 41.9 8.5 | 12.8 | 62.6 4.4 3.5 72 1.1 
bitum.—C 
-bi . 31.9 | 42.8 3.90 | 21.4 | 56.70] 3.80 0.35 | 12.70 | 1.15 
3 ioe 28.7 | 30.3 6.8 | 34.25] 42.45] 2.95 0.60 | 12.25 | 0.75 
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The ultimate analysis of a coal gives the weights of carbon, hydrogen, 
nitrogen and sulphur in the combustible per pound of coal, and, in addi- 
tion, the weight proportions of ash and moisture in the coal. It does not 
include the composition of the ash, which is reported in a separate ash 
analysis. The composition of the ash is approximately the same as 
that of the rock adjacent to the stratum from which the coal was taken, 
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‘The higher heating value and sometimes the lower heating value in addi- 
lion is ineluded as part of the ultimate analysis. 

To obtain an ultimate analysis, as reported in Table 4, extensive 
luboratory facilities and the services of an experienced chemist are 
required. 

The ash and moisture-free coal is known as combustible. 
free coal is known as dry coal. 

Columns 2 to 6 of Table 4 give the proximate analyses of the various 
mmoples of coal. The heating value is usually included in the proximate 
jinalysis as in the ultimate analysis. 

A series of samples of coal from the same field are found to differ 
inuinly due to variation of moisture, ash and sulphur content. Having 
single complete analysis from a field, the moisture-, ash- and sulphur-free 
inalysis may be computed. For other samples, moisture and ash are 
found, sulphur is assumed and, with only small error, complete analyses 
ve computed. 


Moisture- 


'xAMPLE 1,—A Pennsylvania low volatile bituminous coal sample had the following 
\illimate analysis, W for water, A for ash: 


C H O N 8 A WwW Total WAS Total 
80.7 4.5 2.4 ial 1.8 6.2 3.3 100.0 11.3 
91.0 5.1 2.7 1.2 _— —_ — WAS Free 


Another sample from the same field has 8.0% W and 7.5% A. Find ultimate analysis. 


Solution.—Assume 8 2%. Then W+A+S = 80+ 7.5 + 2.0 = 17.5%. Use 
\howe WAS values and multiply the WAS-free items by (1.0 — 0.175) = 0.825, that is 
the 91.0, 5.1, 2.7, 1.2 are each multiplied by 0.825, giving: 

C H oO N Ss A WwW 
75.1 4,2 2.2 1.0 2.0 7.5 8.0 


Total 


100.0 Ans. 


The proximate analysis requires less elaborate facilities and can be 


performed quickly. In this type analysis, the pulverized coal sample is 
ried at 220° F. The loss of weight is moisture. 





The further loss in weight is called volatile combustible. Another sample \ 
in (hen ignited in air at a high temperature. The weight of the residue 
after all combustible is burned off is known as ash, The weight of the — 
‘oul sample, less moisture, volatile combustible, and ash is fixed carbon. 
Heating Value is also reported in the proximate analysis. 

As will be seen later, the ultimate analysis gives exact figures that 
ininy be used to calculate the amount of air required to burn the coal and 
\he composition of the products of combustion. The ultimate analysis 
ilvo furnishes a basis for an approximate calculation of the heating value. 





The sample is next VA 
. placed in a closed crucible and heated to 1700° F for seven minutes. 


fe 


/ 
Vv 
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The proximate analysis gives information of value in estimating th 
performance of the coal with different types of combustion equipmen 
and at different rates of combustion. 

The ash composition and its fusing temperature affect the formatio 
of clinker but are not included in either type of analysis just described 

108. Pulverized Coal.—Much of the coal now used for developi 
power in large central stations and industrial plants is pulverized finely 
The pulverized fuel is picked up by air and thus transported to the fu 
nace. Additional air is supplied as the coal-air mixture is discharged int 
the furnace where it burns quickly and completely. 
~The immediate aim of pulverizing is to increase the ratio of surfa 


to volume (or mass). For similarly shaped particles, surface is propo 
“tional to the square of the lineal dimensions and volume is proportio 
to the cube, so that the ratio of surface to mass is inversely proportio 
to lineal dimensions or size of particle. For example a cube of one in 
on a side has a volume of one cu in. and a surface of 6 sq in. Whereas 
one-half inch cubes also have a volume of one cubic inch and a combine 
surface of 8 X 6 X (32) = 12 sq in., twice as great as one inch cube. 
Size of particle is conveniently determined by screening. In Table 
the first line gives the number of meshes per lineal inch in screen, th 
second line gives the width of opening in inches, the third line gives ave 


TABLE 5 
Screen Dara Usep in Finpina Grinpasitity INDEX 








U.S. series screen mesh 16 30 60 100 140 200 230 300 
Opening in inches..... 0.046 0.0232 0.0097 0.0058 | 0.0041 0.0029 | 0.0024 | 0.0019 


Average opening...... sat iis 2 ia is ba tal ar oo Page a 





TABLE 6 
Surrapitiry oF CoAL FOR PULVERIZING 














State County Volatile Ash Gr cag hed Te 
Colorado........ Welds. «ce: 52 12 
Tn Gis Se oro. iy Sangamon...... 38 15 
Oklahoma.......| Pittsburgh...... 30 14 
Pennsylvania....| Indiana........ 27 10 
se 22 esi MD OMMOMROU Ney foresee 17 10 
% Schuylkill. ..... 4 11 
RE BRS 2 pets ess leas. cus Maverick...... 24 27 
West Virginia...| Raleigh........ 35 6 





* Standard coal. 
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ie dimension of particle passing through one screen and retained on 
(he next finer screen. 

In Hardgrove’s method, a 40-gram sample of coal, all of which will 
juss &@ 16 mesh screen and all held on a 30 mesh screen, is ground in a 
wlandard ball mill, and the product screened on the standard sieves. 
‘The weights retained between each sieve pair are multiplied by the re- 
(iprocal of the mean opening. The sum is a number proportional to the 
(otal surface. Subtracting the original surface, the remainder measures 
increase of surface. This result is compared with the corresponding 
\umber obtained by grinding a standard coal. The ratio is called the 
yrindability index and is a quite accurate measure of the power required 
(0 pulverize the coal. 

‘The grindability index and ash fusion temperature of a few samples 
re given in Table 6. 

109. Heating Value from Analysis.—The heating value of a fuel may 
hw found by the use of a calorimeter in which the coal is burned completely 
ind the heat absorbed by water. 

lor approximate results the heating value of anthracite and bitumi- 
ious coal may be calculated from the ultimate analysis by Dulong’s 
formula. This is based on the implied assumption that the energy re- 
i\lived to separate the hydrogen from the carbon in the coal is negligible. 
In high volatile coals, the use of Dulong’s formula may therefore give 
tmults which are considerably in error. 

Calling C, O, H, and § the proportions by weight of carbon, oxygen, 


liydrogen, and sulphur, the higher heating value in Btu per pound, by 


Nulong’s formula is: 


ee PE aT <aee —=> 
Q = 14,600 C sts 62,000 ( H — - + 4000 8. (1) 








(Il ~ 0/8) is called free hydrogen and 0/8 is combined hydrogen. 


In Europe it is customary to use also a net, or lower heating value, 
Which is found by subtracting the heat absorbed by the steam produced 
i) burning one pound of fuel from the true or higher heating value. This 
lout, per pound of steam, may be approximated as 1100 Btu. Nine 
jounds of steam result from the combustion of one pound of hydrogen. 
hen, roughly, the difference between the higher and lower heating value of 
try coal = 9 XK 1100 = 9900, or about 10,000 Btu per Ib of hydrogen in 
(he fuel. For water in coal, a further reduction of 1100 Btu per lb water 
made, In the United States the use of the lower heating value is often 
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considered objectionable. It is permitted in the most recent Americ 
Society of Mechanical Engineers’ Power Test Code. 


Exampie 2.—An Illinois bituminous coal has the following ultimate analysis: 
H = 4.97; C = 68.88; N = 1.49; O = 10.88; 8S = 2.26; ash = 11.52. 


Dulong’s formula gives the higher heating value as: 
14,600 X 0.6888 + 62,000 ( 0.0197 é a) 4 4000 X 0.0226 = 12,385 Btu per 


By calorimetric test the heating value was found to be 12,309 Btu per pound. 
The analysis of combustible (the analysis on moisture and ash-free basis) is found b; 


dividing each percentage for the actual coal by 


100 — per cent water — per cent ash _ (1 — 0.1152) = 0.8848, 





for the above sample. ; 
For the above coal, the analysis on the ash-free basis is: Therefore: 


H = 5.62; C = 77.88; N = 1.68; O = 12.27; 8 = 2.55. 


110. Utilization of Coal.—About three-fifths of the anthracite co; 
produced is used for domestic heating, the remainder in industry. Abou 
30 per cent of bituminous coal is now used for heating. 

Condition when Used.—Coal may be used raw, that is, burned direct 
in furnaces. 

Bituminous coal may be distilled in retorts, separating the gas an 
the volatile oils from the fixed carbon. 

The coal may be gasified by a process of combustion which retai 
as chemical energy in the gas produced nearly all of the heat in the co 
Valuable by-products may be also separated out in this process. 

Fine coal such as bituminous slack or anthracite culm may be pres 
into briquets weighing from 5 to 10 ounces. A binder, such as tar 
asphaltum, is used. The production of fuel briquets was about 1 milli 
tons annually for the United States before the war. Germany then pr 
duced 5 million long tons of briquets from bituminous coal and 34 milli 
tons of briquets from lignite, France 4 million tons and Belgium 2 milli 
tons. 

Another method, now widely used, is first to pulverize the raw ¢o 
and then burn it. 

Mineral Industries gives the following estimate for 1940 of proportio 
of coal output used by leading industries. Railroads 16.2%, publ 
utilities 10.5%, pig iron 12.1%, steel, gas, cement, and others 30.2%, 

The by-product coke industry and public utilities use coal with co 
paratively high efficiency. The larger part of coal used elsewhere 
burned with low efficiency. 

















(ireat Lakes and near the Pacific Coast. 
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Products.—Beside the chemical energy released as heat, coal is a 
source of gas, ammonia, motor fuel and the great number of valuable 
products derived from the coal tars as well as benzol, toluol, naphtha 
ind naphthaline. 

111. Production, Mines, Distribution.—The United States Geological 
Nurvey divides the United States into six Provinces: Eastern, Interior 
(ulf, Northern, Rocky Mountain and Pacific Coast. 

About 90 per cent of the high-rank coal is produced in the Eastern 
Province, including Pennsylvania and 
west Virginia, = tt” 

Nearly all the anthracite, about 65 
jnillion tons a year, is mined in north- 
eastern Pennsylvania. Pennsylvania in 
1935 produced 49 per cent of the world 
output of anthracite. The United King- 
ilom produced 6.6%, Belgium, France 
und Germany each produced about 5% 
of the world total. 

Coal production for the world since 
1900 is shown in Fig. C, 

Going West from the Appalachian 
Mountains, the rank of the coal steadily decreases, local increases only 
occurring in mountainous regions. 

The percentage of the total United States bituminous coal output 
produced by various states is given in Table 7, 1925 to 1940. 














Millions of Net Tons 





0 
1915 1920 1925 1930 1935 1940 1945 
Fia. C. Coal Production. 


TABLE 7 
PERCENTAGE OF Brrumrnous Coa Propuction By STaTEes 








Year |W.Va.| Pa. Tl Ky. | Ohio | Ind. | Ala. Va Kan. | Colo. 
i925 | 24 | 26 | 13 11 | 5 4 4 

129 | 26 | 27 | 11 1D GE a 58 ate oe 3 
1986 || 97 | 96. | 10:6.) ii || 52. || 4 27 | 25 1.5 
imo} 28 | 25 | 44 11 | 5 1 3 3 1 dl 


The next nine states in order of coal production in 1940 are: Tennessee, 
W — Utah, Montana, Iowa, Maryland, New Mexico, Washington, 
Oklahoma. 
Lignite coal, which is of the lowest rank, is widely distributed. It is 
found near the Gulf, in the Northern Great Plains Province, near the 
On account of the high moisture 
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content, low heating power and tendency to crumble, it has not come into 
extensive use in the United States. 

The reported coal productions for various countries in recent years is 
given in Table 8. In 1940, Germany, including occupied countries, led 
the world in estimated coal production, displacing the United States. 
By 1943 the United States had again forged ahead. 


TABLE 8 
Coat Propuction BY CounTRIES 














1935 1940 
Tons X 106 Per cent Tons X 108 Per cent 
United'Statess:. 6.6.6... 426 29 505 34 
Great iSritaM «a. ceicee 249 17 261 17 
Germanys: ones ane 305 21 480 32 
IRMpSite nae tee co mee 136 9 — — 
World 1 te 2h ee! 1470 100 1500 100 





_e 


112. Commercial Sizes.—Anthracite has been commonly sold 
sizes specified below. Round-hole screens are used. 

















TABLE 9 
Size Screen, Maximum Permissible 
Mans Inches Percentage of 
Through Over Undersize Slate Bone 

IBFOREN ye ee eee oe 435 3x5 15 2 2 
Wee Sch eee a Br 25 15 3 3 
SAPOU EPPS Sone ty eee eee 23 145 15 4 4 
ng Be Aas Lae, Ae tot rene BONG, 1 is te bey : P ; Z 

(ORES Syren: Res ya ve nea ; i 
No. 1 buckwheat......... iy + 
Rice or No. 2 buckwheat. . . ts i 
Barley or No. 3 buckwheat. Pe & 
Culm: vonslushss., 5 ose zz or less 

TR 





These sizes for grades pea or larger were adopted in 1925 by the 
anthracite operators. For each per cent reduction in slate there may be & 
2 per cent increase in bone. Bone is foreign matter containing enough 
carbonaceous material to give it the appearance of coal. 

Bituminous coal is sold as run of mine, which includes all coal as it 
comes from the mine; lump coal, which includes 13” X 6” to3” X 6”; nut 
coal, which has various meanings, according to coal region; and slack coal 
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ur screenings, the smallest size. A number of washed sizes, ranging from 
‘in. to } inch, are designated by numbers. 


Coke sizes are designated as follows: 


TABLE 10 
Retained on Screen with 
Name Openings, Inches 
OMNI cass gig hese on oe sah Me Gtaee PRIS ote Ee ee 24 
LO i a ea a Aor ea ok ae ara ie eons a SU yr ntnce Pen ly 
Blower srs ch creo Ste elesss ial ehiwind ise Tee ee 13 
ANT Gers ce farsa INST Tl, OU GRAN SR RANG 5 os t 
Renee et at ae eG 5 ee mien ee 2 
BSTOOTO Re arses, sos igye Manno Pcie Ok re vi Ce Under 4 


Coke breeze is made up of a mixture of various sizes in about the 
following proportions: 


TABLE 11 
Per Cent 
THOU ae ADT OVER 1D: ons, 0.55 9 Vistcsscae orn eS 25 
Through Gs in ANAIOVE Aine d ye fe 5 se Sere ees eieets 25 
TP EPOUPISANT 6138 Boy MAA OND ais oe RED hc eRe 50 


113. Coal Storage.—The rate of coal consumption does not show a 
seasonal variation, except in the case of coal used for heating dwellings, 
shops, offices, and other places where people live or congregate. 

Production shows a variation especially due to strikes. Without 
sonsidering strikes, the accumulated excess or deficiency above or below 
ihe average during any year is seldom less than 20 per cent of a month’s 





production and may amount to 100 per cent of a month’s production. 
On account of the irregularities in supply and demand, a percentage 
of the annual supply should be stored. This percentage varies with 


distance from the mine, the probability of a strike, the monetary loss 
‘ue to coal shortage, the cost of storing coal and the deterioration of coal 
in storage. 

Anthracite coal shows almost no deterioration, whether stored inside 
wy outside. Bituminous coal, however, suffers a marked loss in heating 





value which may amount to 10 per cent on prolonged storage. This 
wolion is ealled weathering and is generally assumed to be due to slow 
oxidation of sulphur and organic matter. 


‘The action may be rapid enough to cause spontaneous ignition and 
sombustion, with serious loss to the coal stored and danger of setting fire 
to buildings. 

Coal which is porous has a large capacity for absorbing gases. Some 
vlwervers have called attention to the heat evolved by the absorption of 
turbon dioxide, as possibly being responsible for spontaneous combustion. 
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Another observer attributed spontaneous combustion to the absorp- 
tion of oxygen by porous coal, which generally contains large amounts of 
absorbed methane, or marsh gas, CH. The absorption of oxygen by 
coal already containing methane gives rise to a pressure of 300 psi, at 
which pressure the oxygen and methane spontaneously ignite. If a coal 
weighs 80 Ib per cu ft and has 7 cu ft of methane per cu ft, the methane 
will yield 7000 Btu per cu ft of coal and raise its temperature 445° F 
assuming the specific heat of coal equal to 0.2 and that none of this heat 
is lost to the atmosphere. 

Coal which is stored so that free ventilation for cooling of every pa 


is assured will not spontaneously ignite. Also by excluding air circul 
tion entirely, spontaneous ignition is eliminated through lack of oxygen, 
This has been done in the past by storing coal under water. _ 

A method now being used is to pack the coal tightly, with the mixtu 
of lumps and slack everywhere uniform. By packing thin layers with 
roller, the fine coal is forced into the voids in the larger sizes and the e 


trance of air is so far obstructed that spontaneous ignition cannot resul 








TABLE 12 
Estrimatep MINERAL-FurL RESERVES OF THE UNITED SraTEs 








Equivalent tons bituminous coal of i 
Beh 13000 Btu per lb calorific value uf 
‘oi Reserve aus- te, 
Description ponies Jan. 1 tion nia 
1942 | per cnt Produc- | Reserve | Produc- Re- tion 
tion Jan. 1 tion covery, years? 
1941 1942 1942 per cent 
BS 2 3 4 5 6 7 8 9 
Anthracite—billions 22¢ 15¢ 32 0.056¢ 15 0.055 65S 177 
of net tons 
Low-volatile bitu- 56¢ 53¢ 5 +1014 57 -109 70* 366 
minous coal—dov % 
High-volatile bitu- 1379¢ 1353¢ 1.9 -3984 1405 413 70* 2381 
minous coal—do,7 
Sub-bituminous coal 819¢ 818¢ ol -012' 598 -009 70 _ 
do. 
Lignite do. 940¢ 9394 Ne -0037 484 -002 70 —_ 
Total, all ranks of 3216 3178 1.2 -570 2559 588 69 3003 
coal do. 
Petroleum, proved 45k 20! 56 1.404" 4.5 324 100” 4 
reserve—billions 
of bbl. 
Oil in oil shale do. 92 92 0 0 21.0 100" 65" 
Natural gas, proved 135¢ 85° 38 2.7708 3.2 107 100" 30 
reserve—trillions of 
cu ft 
Total, all fuels _ _ _ _ 2588 1.019 69.3 1760 





«Heating values used in conversion: Anthracite, 12,700 Btu per lb; low-volatile bituminous © 
14,009 Btu per lb; high-volatile bituminous coal, 13. 500 = ¥ 4) lb; sub-bituminous coal, 9500 Btu pert 
lignite, 6700 Btu per lb; crude petroleum, 6,000,000 Btu bbl of 42 gal; natural gas, 1000 Btu per cu 


1 
+ Years life is computed by the following formula: Column § Xesiomn 8, 


FUELS AND POWER 131 


TABLE 12—Continued 


* Hendricks, T. A., Chapter 1, Coal Reserves. Energy Resources and National Policy: Report of the 

\ hergy Resources Committee, to'the National Resources Committee, January 1939, U. 8. Government 
‘Yinting Office, Washington, D. C., pp. 281-286. 

“ Reserves as of January 1, 1942, were se ope by deducting 153 per cent of the total coal mined be- 
fue this date to allow for the 34.7 per cent of the coal in the ground that is not recovered in the prevailing 
ining practice. 1.53 = 1 + (1.00 — 0.347). 

* Corgan, J. A., Ridgway, R. 53, and rhe ees A. V., Pennsylvania Anthracite: Chapter from Minerals 
Yearbook, 1941. Bureau of Mines, 1942, p 

‘ Report of U. 8. Coal Commission Pet i 1925, p. 655. 

* Includes some medium-volatile coal. 

* Total production of low-volatile bituminous coal is estimated_as 90 per cent of the production of 
!minous coal in Districts No. 1 and No. 7 of the Bituminous Coal Division. On this basis approximately 


per cent of the total production of bituminous coal of the United States is low-volatile coal and the re- 

Beier is high-volatile plus sub-bituminous coal. The production of sub-bituminous coal is estimated 

fom detailed county production reports of Montana, Wyoming, and Colorado. The production statistics 

ae rie nf ie gepee on Bituminous Coal and Lignite, Bureau of Mines Minerals Yearbook for 1941. 
' teport fe) 


Coal Commission, Part III, 1925, be UT 
ws { Hit uminous and Lignite Coal Tables, Bituminous Division, Department of the Interior, January 
‘ | Fis ed reserve on January 1, 1942, plus production from 1859 to 1941 inclusive. 
‘ stimated by Committee on "Petroleum Reserves of the American Petroleum Institute. Chapter on 
rn roleum ana Petroleum Products. Minerals Yearbook, 1941. Bureau of Mines, 1942, pp 7, 11. 
s » footnote 
" serves of petroleum, oil shale, and natural gas are based on oil and gas recoverable by present day 
ethos 
* Winchester, D. E., The Oil Possibilities of the Oil Shales of the United States; Report II, Federal 
1) Conservation Board, January 1928, pp. 13-14. 
* At 1941 rate of petroleum production. 
* l'roved reserve on January 1, 1942, plus marketed production from 1906 to 1941 inclusive. Total 
pike ‘ted production up to January Ie 1937, is given as 37.81 trillion cubic feet, by Ralph W. Richards, 
tuaplor 3, Natural Gas Reserves, Energy Resources and National Policy. Report of the National Re- 







‘eon Committee, January, 1939. _U. 8. Government Printing Office, Washington, D. C., pp. 294-297. 
Baris lod production from 1937 to 1941 inclusive was 12.611 trillion cu ft. F. 8. Lott and G. R. Rockin, 
*tural Gas: Chapter from Minerals Yearbook, 1941, U. 8. Bureau of Mines, 1942, p.2. Marketed pro- 
‘elion up to January 1, 1941, is 50.42 trillion cu ft. 
* Davis, Ralph E., Natural Gas Supply of the United States: Interstate Oil Compact Quarterly Bulletin, 
be 1, Oc tober, 1942, p._24. Published and distributed by the Interstate Oil Compact Commission, 437 
fate Capitol Building, Oklahoma City, Oklahoma. See also, Gas, Vol. 18, No. 11, 1942, pp. 22-6; Oil 
anil Cos Journal, Vol. 41, No. 22, October 8, 1942, p. 37. 


* Marketed production. Lott, peg = and. Hopkins, G. R., Chapter on Natural Gas, Minerals Yearbook, 
Mii, ureau of Mines, 1942, p. 1. 


114. Mineral Fuel Resources of United States——An authoritative 


Peport before the War Minerals 100-—= 
ip Soe Na Rae ree 


Mibcommittee of the Committee on 
America 
America 


Mublic Lands and Surveys of the 80 
United States Senate was made in 
Coal ee of ae 
1-Anthracite. 697 billions of long tons 






f 


Aligust 1943 by A. C. Fieldner, Chief 
of Muels and Explosive Service of the 
(8. Bureau of Mines. A rather full ~““° 
Sbstract of that report is given in 
Vable 12. 

\ graphical representation of the 0 
world’s comparative coal resources is 
tiven in Fig. D. 


20: 


America 


i 


The b 4 5 f il 2-Bituminous. 4069 “* ch 2 ee 
1e subterranean deposits of 01 3-Sub-bituminous and lignite. 3000 billions 
of long tons 


tow tapped by wells are being rapidly 
(yained. ‘American Supply and De- 
fiand” an American Petroleum Institute committee report of 1925, esti- 
tiated the oil resources of the country then as 5 billion barrels from wells, 


Fie. D. Coal Resources of World. 
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108 billion barrels from oil shale, 525 billion barrels from bituminous coal 
and 70 billion barrels from lignite. 

Fifteen years later, after removal of 16 billion more barrels from oil 
wells, reserves to be recovered from wells were computed to be more than 
18 billion barrels. The A.P.I. now annually publishes estimated re- 
serves ‘‘in proved fields and recoverable by then known production 
methods.” These annual figures always show reserves sufficient to las 
but a few years, but the reserves have shown a steady increase. By the 
end of 1944 the reserves had increased to 204 billion barrels. In 1944 
there were 13,114 new flowing wells and the number of production pools 
numbered 327. 

Oil shales have been commercially mined and retorted for many 
years in Scotland. American resources of oil shales, as indicated in the 
report, are much greater than of oil in the sands, but the cost of mining, 
grinding, and retorting will prohibit extensive recovery by this metho rl 

_ until there is a large increase in the price ‘of oil. 

Though the amount of oil that may be recovered from bituminous coal 
appears almost unlimited from the figures of the report, the actual pro 
duction from this source will be limited by the fact that the oil is a by: 
product and the amount produced will depend upon the demand for 
coal. 

Though new oil fields have always been discovered even faster thar 
depletion occurs, due to an increasing demand, a national policy with 
emphasis on research and conservation is certainly in order. 

115. Petroleum History, Recovery.—Petroleum is a common nam 
for a variety of heavy oils occurring in porous strata near the earth’ 
surface. The existence of such oils has been known for many centurie 
and they were used for medical and other purposes during the early his« 
tory of Egypt and in ancient Babylon. However, the petroleum of 
crude oil industry dates from 1858, when wells were first driven in Penn 
sylvania to obtain oil. From 1858 to 1944 inclusive, 1,100,000 oil well# 


were drilled in this country. In 1940, 390,000 wells had: a potential dail 
production of more than 33 million barrels, or about 9 barrels per da 
per well. In 1940, the value of petroleum and its by-products, natural 
gas and gasoline, produced in the United States was 40 per cent of th 
total value of minerals produced in the country. 

In 1944 the value of equipment and facilities of the industry was 19) 


billions of dollars, as follows: 
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Produchionmigs): £2 x29 aie Ree eee 9.9 
Tansportatione git ce ok 4 ee eee eee 1.9 
Processes aio sie bee RIE ge ROL 
Distributionh ras. of acatewen ree eben 2.6 
Qin Gried-priveerd Aopen en Rta eas 2.0 


und 1,120,000 people were employed. There were probably 600 refineries 
with a total capacity of 6 million barrels daily. Tankage to store 428 mil- 
lion barrels and 143,850 miles of pipe line were in use. There were 12 
inillion D. W. tons of tankers under the United States flag at end of 
144. 

Oil that may be recovered from wells is contained in the interstices of 
winds or sandstones and some limestones. The layers of porous rock 
lie between impervious layers. 

Oil-bearing strata are saturated with both oil and water and the oil 
sontains a large amount of gas in solution at a very high pressure. 

(Gas or hydraulic pressure forces the oil toward the top of folds or_ 
lomes in any oil-bearing stratum. Above the oil and dissolved in the 
vil is gas. 

‘Tests show that, at 1800 psi pressure, 64 cu ft of gas are held in 
wlution by 1 cu ft of oil. The gas increases the fluidity of the oil and 
also forces it through the sand to the well. 

Oil results from the decomposition of vegetable matter. A relatively 
wall amount may have been produced by the action of steam on carbon 
ov carbides. 

116. Composition.—American_ petroleums are classified as paraffin 
hase and asphalt base. The paraffin oils are found mainly in the Kast. 
‘They are of about 0.80 to 0.85 specific gravity, are brown by transmitted 
light and green by reflected light and are quite fluid. 

‘The asphalt base oils are 0.90 to 0.95 specific gravity, are dark brown, 
vnd are of higher viscosity, that is, they do not flow freely. 

Paraffin oils are mixtures of hydrocarbons of the paraffin series 
(lon ,2. These oils vary in volatility from marsh gas, CH,, to paraffin, 
(wllys, which is a solid. 

Asphalt base oils are mechanical mixtures of several series of hydro- 
varbons including C,Hen», CrHen—2 and C,Hens. Such compounds are 
‘ore likely to be unsaturated with hydrogen and subject to slow decom- 
promt ion in the air. 

Cyclohexane, CoH», and its derivatives are known as naphthenes. 
These compounds are found in Russian oils. 
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Benzene, CeHe, and its derivatives are known as aromatics. They 
are cyclic compounds, that is, the carbon atoms are linked in a closed 
chain. 

Pennsylvania petroleum is high in paraffins. That from Baku in 
Russia, is high in naphthenes but with considerable paraffins. 
oil is characterized by paraffins with aromatics. The mid-continen 
U.S. oil has paraffins and asphalts. Gulf Coast oil is high in asphalts 
Borneo oil has much aromatics and considerable paraffins.* 

A quart of petroleum taken from any oil well will usually contai 


Roumanian 





many hundreds of different chemical ¢ compounds, of many different chem 


ical series and with a great number of representatives of varying volatilit; 
from each series. This unending variety in composition reflects differ 
ences in heat-pressure-time treatment of the organic material during th 
ages that have passed since it was first deposited in the earth. 

The heating value of petroleum varies within the rather narrow rang 
from 18,000 Btu per Ib to 20, 000 Btu per | lb. As would be expectec 
some wells and fields yield only petroleum that is very volatile, resemblin 
gasoline in all its properties, and at the other extreme are wells and field 
yielding only heavy, non-volatile oils. But, with few exceptions, 
output from every well is a mixture of oils varying in volatility from a ga 
to a residue that remains in the stills even at high temperatures. 

117. Utilization.—Gasoline is one of the more volatile constituents @ 
petroleum and is the most important constituent. Ts 1944, about 439 
of the petroleum produced in this country was converted to gasolin 
Nearly all of this was used to operate the 30 million motor cars, mote 
trucks, boats and airplanes of the United States. 
amounts of the petroleum in 1940 were: 





Other uses for la 


1S Un hole ei tah age 10.38% Refineries?’:.. .5.. 25.9 Pee 2.79 
Merchant vessels......... 5.9% Wood preserving........... 1.9 

EUSIIPOR US a lcertecse tether cts 5.0% Electric power..:.........8 2,39 
Manufacturing and mines.. 5.0% Asphalt, road oil; 0.55.06 0.79 


Additional uses of petroleum are in relation to chemicals, paint, in 
rubber, farm machinery, refrigeration, lubricants, wax, etc. 

The principal use of gasoline is in driving automobiles with an e 
increasing use for aircraft. The total number of gasoline propelled ¢ 
and trucks in the world in 1940 was probably about 48 million, with twe 


thirds in # in the United States. 


* Based on cut in “Petroleum and its Products,” W. Gruse, McGraw-Hill. 
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118. Oil Wells.—Unlike water, very little petroleum has been found 
mcaping from openings in the earth’s surface. That water escapes thus, 
is due to its steady precipitation in elevated regions. As petroleum has 
hoon in the earth for great periods of time, it has sunk steadily lower ex- 
opt where confined in impervious basins or pockets. To penetrate to 
vonsiderable depths, wells are started with large diameter. As depth 
increases smaller diameters are used. The first well driven in Pennsyl- 
vunia, was only 70 feet deep. The depth of oil wells has steadily in- 
woused. The greatest depth was reached Dec. 30, 1944 in Standard Oil 
(Uo, of California’s K.C.L. 20-13 well at 16,246 ry The well was 
rilled 154 inches diameter to 1188 feet depth, than 10% inches to 11,000 
fool, then 52 inches diameter to the end. This is about twice the maxi- 
ium depth reached by a mine. The average depth of wells drilled in 
lid. was 3347 feet. 

In many cases, an oil well originally drilled to an oil stratum at shallow 
depth may be continued to a stratum of greater depth when the flow of 
il fails. 

119. Products and Production.—The principal commercial products 
of petroleum in the United States for 1940 and 1944, in percentage by 
volume were, as given in Table 13: 








TABLE 13 
PrerroteumM Propucts 


Crude Petroleum 


to Stills Commercial Products in Per Cent 


peer Gas Oil | Lubri- 
Gasoline | Kerosene] and cating Total 
Fuel Oil Oil 


140 13852 44 3) 49 2 100 
14d 43 4.7 41.7 


Millions of Bbls 











‘These products are separated (1) by a process of fractional distillation | 
wid condensation, (2) by cracking, and (3) by compression of the gas | v 
fining in the casing with the oil. 1 

Probably less than 50 per cent of gasoline now produced is “‘straight- 
jin" gasoline, resulting from fractional distillation and condensation. 

More than 47 per cent of the gasoline out-put results from cracking 
javier oils. Cracking is the breaking down of complex hydrocarbons 
lito simpler hydrocarbons by the agency of heat. 


In liquid phase cracking, the oil is heated in a pressure vessel to some 





/ 


} 





process. In the vapor phase process, however, the losses are greater, more 
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temperature below 950° F to 1000°F. The process of breaking down 
the molecules of the oil into simpler forms goes on slowly but quite com- 
pletely with the oil remaining liquid, due to the high pressure maintained. 

In vapor phase cracking, the oil remains at low pressure, but is heated 
to temperatures from 1000°F to 1400°F. The cracking process i 
much more rapid at the higher temperature and the resulting gasolines 


have better anti-knock qualities than those produced in the liquid phase 



















non-condensible gases are formed, reducing the yield, more gum is present 
and the gasoline is less stable. 

It is at present impracticable to combine the advantages of both sys 
tems, due to the inability to obtain pressure vessels that will resist the 
high pressures and temperatures encountered in raising the boiling point, 

About 11 per cent of all gasoline now produced is obtained from na 
tural gas_ by compression. _ 

Tests of 15 motor fuels, including aviation and automobile gasolines 
show initial point at which vaporization begins, varying from a tempera 
ture of 89° F to 230° F. The corresponding end points at which distilla 
tion is complete varied from 311° F to 399° F. 


TABLE 14 





Temperatures, ° F, at which Various Percent- 
. ages Have Been Distilled 
Specific 
Gravity 





Initial 
Point | 10| 20 | 30) 40 | 50 | 60 | 70| 80) 90} 95| D 








“Motor” gasoline... ... 0.734 | 121 |178)202/220|235|249|262|279/304/344/362] 398 








“Cracked”’ gasoline. . 0.755 | 139 |197/221/244/265|285/308|330|352)/ 380/400) 43 





Actual tests showing the temperatures at which various percentage 
of two varieties of gasoline are distilled off, are given above. Govern 
ment specifications are now based only on temperatures corresponding té 
10 per cent, 50 per cent and 90 per cent points. 

Kerosene is the next heavier commercial distillate than _ gasoline 
Its specific gravity is about 0. 8, and its boiling point is considerably higher 
than that of gasoline. It is used for heating, for illumination, and, to 
small extent, for power purposes. The elimination of the more volat 
hydrocarbons reduces the fire-risk. { 

There are several grades of gas oil and fuel oil. The gas oil is used te 
enrich certain kinds of manufactured gas. Fuel oil is used to burn under 
boilers and as a fuel for Diesel engines. 
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The amount of petroleum produced in the various states in 1944 was, 
in per cent of the total (1,678,000,000 barrels) : 


MOXaS. career 44.5 WOUISIAD An 6.2.3 Wek, Arkansas. 0+. 1.9 
Walifornia...... 18.6 ISBTISAS ere ae taste sve 5.9 Michigan........ 1.1 
Oklahoma...... 7.9 New Mexico..... 2.4 Pennsylvania... .0.9 
illinois = eetecis ok 4.6 Wyoming........1.9 Montana........ 0.5 


light more states are listed with smaller amounts. 
The 1944 production of the leading petroleum countries of the world 
in millions of barrels is: 


United States. ..1678 Dutch East Indies. 40 Argentina........ 24 
MUBSID:. Seah eae 280 Roumania........ 25 aD ratn dade ft;rsic9 25 
Vonezuela...... 267 Nex GOrn rr te: 36 IPG ger ocoeey es 21 
Iran and Iraq... 136 Golompisere. ses 24. Ransdann. cence: 10 


‘The total for the world was then estimated as 2633 million barrels. 

120. Synthetic Fuels.—By the most modern commercial methods of 
(listillation in by-product coke ovens, perhaps 10 per cent of the weight of _ 
})\{uminous coal may be recovered as tar or tar oils. The yield of gasoline 
from these oils is problematic. 

It may be said that not more than 30 per cent of the petroleum now 
hwing used in the United States could be obtained from soft coal, using 
existing commercial methods. 

Research has developed methods of recovering a greatly increased 
amount of oil from coal or coal products. Mineral oils contain about 
') per cent carbon and 16 per cent hydrogen. Ash-free bituminous coal 
lin about the same per cent of carbon and about 5 per cent hydrogen. 

‘lhe new methods, of which the Bergius is best known, depend upon 
forcing additional hydrogen to combine with the coal or hydrogenizing 
the coal. 

In the Bergius method, the raw materials are heavy petroleum or maak 
{ur vesiduums, rich bituminous coal or lignite, oxide of iron as a catalyst 
aid hydrogen. 

‘lhe coal is crushed and made into a thick paste with the oil and iron 
oxide. ‘The paste is then forced through a retort in contact with hy- 
drogen. ‘The temperature is maintained at 800° F to 900° F and the 
jvessure at 150 to 200 atmospheres, (2200 to 3000 psi). 

‘The product is aliphatic and aromatic hydrocarbons with phenol, 
eeosole, andammonia, One-third ton to one-half ton of raw oil products, 
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a pitch residue, and 11,000 cu ft of rich gas have been produced per tor 
of coal. 

In the Badische Analin and Soda Fabrik (BASF) process, hydroge 
and carbon monoxide are forced to combine at pressures and temperature 
similar to those used in the Bergius process. Fairly pure methane 
(wood alcohol) is produced. 

The Franz Fischer process builds up paraffin wax and various oil 
from water gas, using high pressure and temperature. 

The Petart process uses the products of the complete carbonization a 
coal to form methane. 








able will decrease progressively. When the oil wells approach depletio 
a considerable rise in price of oil may be expected. 

The production of alcohol from sugar-cane, from grain, from othe 
crops, and synthetically will steadily increase in importance. Gres 
alcohol, or ethyl alcohol, C2H,O, is a very desirable liquid fuel with 
specific gravity about 0.8 and a lower heating value of about 10,50 
Btu per lb. It requires special carburetor construction to permit startir 
an internal combustion engine cold, but it has highly desirable anti-kno¢ 
properties when operating at the highest compressions and efficiency. 


121. Problems.— 


1. The ultimate analysis of a coal as fired is: C, 75; H, 3; O, 2; N,1;8, 1; A, 16; W, 
(a) Find higher heating value by Dulong’s formula; (5) find analysis on water-free and 
water- and ash-free basis; (c) find lower heating value of the dry coal and of the co 
bustible. Ans. (a) 12,695 Btu/Ib; (6) C 76.5, H 3.06, O 2.04, N 1.02, S 1.02, A 16 
Srey \ Saeiticua C 91.5 H 3.66, O 2.44, N 1.22, S 1.22, Combustible; (c) 12,389, 15,4 
tu /Ib. 
2. The ultimate analysis of a coal as fired is: C, 88; H, 3.5; O, 2; N, 1.5; 5, 2; A, 
W,1. @) Find the higher heating value by Dulong’s formula; (6) find analysis on wa 
free and on water- and ash-free basis; (c) find the lower heating value of the dry coal wh 
of the combustible. Ans. (a) 14,943; (b) C 88.88, H 3.54, O 2.02, N 1.52, S 2.02, A 2 
Yon C 90.72, H 3.61, O 2.06, N 1.55, S 2.06 Combustible; (c) 14,740, 15, 
tu/lb. 
3. The ultimate analysis of a coal as fired is: C, 66.5; H, 5; O, 14.5; N, 1; 5,0 
A, 3.5; W, 9. Answer the same questions as for question 2. Ans. (a) 11,710 Btu I 
(b) C 73.02, H 5.49, O 15.94, N 1.11, S 0.56, A 3.88, water-free; C 76, H 5.72, O 16.4 
N 1.14, S 0.57, Combustible; (c) 12,319, 12,811 Btu/lb. 
4. A fuel is tested for grindability in comparison with a standard fuel. The follo 
ing percentages of standard and of sample are retained between pairs of U.S. series sere 
specified in Table 5, 
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Ny cont of weight retained 

helween screens....... 6-30 30-60 60-100 100-140 140-200 200-230 230-300 
Mandard fuel: 

Iwfore grinding....... 35 30 25 10 

Aller grinding......... 0 2 32 » 35 25 3 3 
Munple being tested: 

Nofore grinding....... 30 30 20 20 

Aflor grinding......... 0 0 44 30 20 4 2 


ii L (he grindability rating of the sample compared to the assumed standard. Ans, 
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CHAPTER VIII 
COMBUSTION 


122. General.—(a) Importance.—More than 70 per cent of the pow 
used in industry is derived from the chemical energy of fuels. This 
released by combustion, and then, as completely as may be, is tra 
formed to useful work in various forms of steam engines or internal co 
bustion engines. 

(b) Pressure.—Until the last century, substantially every form 
combustion used by man was at atmospheric pressure. With min 
exceptions, combustion was carried to complete oxidation. 

At the present time, combustion in stoves used for heating, in boi 
furnaces, in some metallurgical processes and in gas producers is car 
on at approximtely atmospheric pressure. In internal combusti 
engines, combustion is carried on in the combustion chambers of cylind: 
at pressures of from ten to fifty atmospheres. The pressure usually ri 
rapidly during combustion in such engines. In blast furnaces, a const; 
pressure of about three atmospheres is used during combustion. 
certain types of steam boilers combustion proceeds at several atmosphe 
pressure. In gas turbines, 5, 6, or 7 atmospheres is used. 

(c) Size and Strength of Apparatus.—In apparatus using heat to 
velop power, the output is proportional to the rate of heat supply and 
efficiency of the conversion of heat to work. First, the rate of heat sup 
to develop a given amount of power is computed. Then, by combusti 
calculations, the required rate of supply of fuel and of airisfound. Th 
quantities are used to fix the size of the fuel and air pumps or comp 
sors needed to supply fuel and air to the furnace and to discharge 
products of combustion. 

The power developed by a prime mover is fixed by the volume rate 
flow of the working medium and the pressure difference set up. A sim 
statement is true of the power absorbed by any form of pump. Size 
strength of the apparatus needed depends on these quantities. So 
types of prime movers have a more favorable ratio of useful pr 
difference to maximum pressure than others. This reduces cost. 

Knowing the heating value of the fuel and the amount and the 
capacity of each of the gases involved in the combustion, the losses 
efficiency of the process may be computed. Comparison of actual 
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formance with ideal performance suggests the direction to take in effecting 
iiiprovement. 

(d) Fuel as Store of Solar Energy.—The energy of solar radiation 
ling through the agency of plant life has removed carbon and hydrogen 
{yom the air and deposited them in vegetable tissue. Later, as a result 
»| various natural transformations, these two fuels have been stored in 
(he ground, generally in association with other materials, as solid, liquid 
4) gaseous fuels. The study of combustion is simplified due to the fact 
(hut the elements carbon and hydrogen supply nearly all the heat of 
fombustion in the great variety of fuels in common use. Sulphur is 
slo present and it develops about one third the heat per pound of carbon. 
Nl its amount is trifling and its effect in causing corrosion makes it a 
\urmful adulterant. 2 sh Sere a Cie gle 

(e) Dilution of Fuels.—The single element, oxygen, combines with 
rurbon and hydrogen, and all three of these elements on combustion return 
{) |he atmosphere in the form of carbon dioxide and water. In substan- 
tilly all solid fuels and in most liquid and gaseous fuels, the fuel elements, 
mubon and hydrogen, are diluted with large quantities of inert, some- 














‘ines harmful, materials. Also the air used for combustion is a mechani- 
pil mixture of oxygen with about 3.3 times its weight of inert gases. 

In this chapter we study first the combustion of the pair of fuel ele- 
ents, C and H, then of a pair of representative fuel compounds, CO and 
(11,0, and then of two representative actual fuels, coal and oil. Finally, 
the broad requirements of actual combustion in furnaces and in the com- 
iietion chambers of engines, including the effect of excess air, will be 
Ponnidered. 

In the next chapter methods will be developed for computing quan- 
Hiien of air and of the products of combustion per pound of fuel, heat 
hoon and maximum temperature of combustion which may be used in 
fonnection with an actual test. 


123. Properties of Fuels and Products of Combustion.—(a) The com- 


“juwition of dry air in per cent by volume and by weight varies little and 


Averages closely : 


Gas Oxygen Nitrogen Argon Carbon Dioxide 
Volumes 20.94 78.10 0.94 0.03 
Weights 23.130 75.528 1.296 0.046 
Molecular Weights 32 28.016 39.94. 44.0 


‘There are, in addition, very small but appreciable percentages of 
‘lrogen, neon, helium, krypton and xenon. Though present in very 





‘ipreciable percentages by weight argon and carbon dioxide are usually 





— A —— 





\ a agent in cooling the products of combustion to o the initial temperature 





142 STEAM AND GAS ENGINEERING COMBUSTION 143 













































lumped with nitrogen and the whole is called atmospheric nitrogen ¢ 
simply nitrogen. As it adds nothing to the complexity of the treatmen 
and does avoid confusion of thought, in this text the abbreviation nitargol 
will be used for the mixture of inert gases in air, with N/A for a symbe 
The mean molecular weight of nitargon is 28.164. Dry air contai 
79.062 per cent by volume and 76.87 per cent by weight of nitargon, th 
remainder being oxygen. The volume ratio of nitargon to oxygen in dr 
air is 3.776 and the weight ratio is 3.324. 
The weight analysis of a gas is found by multiplying the volume 


each constituent (expressed in cubic feet or in per cent) by its molecu 


weight, and dividing each product by the sum of the products. Usinn 


vxygen needed for combustion. The fuel, with sufficient sodium per- 
oxide, is placed in a cartridge and ignited by a white hot piece of iron wire, 
Which is dropped in through a valve. The cartridge is immersed in 
Waler to absorb the heat generated. 

l’or measuring the heating value of gaseous fuels, a gas calorimeter is 
wed. The gas is carefully metered at a measured pressure and tempera- 
fire and then burned in air at atmospheric pressure. The burnt gas 
wid air are led through piping around which water circulates, and escape 
«! atmospheric temperature. The amount of water and its rise in tem- 
jrature are measured very precisely. The water formed by the combus- 
tion of hydrogen is also condensed and measured. 























this method, we may verify the weight percentage of oxygen in the p ‘The approximate value of the heat of combustion of coal may be 
ceding table as follows: fomputed from the ultimate analysis by Dulong’s formula as given in 
Meetion 109. The heat of combustion of gaseous fuels may be computed 
20.94 X 32 : : : : 
= 23.1380%. from the volumetric analysis. The calculation of the heating value of 
20.94 X 32 + 79.06 X 28.164 an : ee 3 

liquid fuels from the ultimate analysis is unsatisfactory. 
The weight percentages of nitrogen, carbon dioxide and argon may 125. Data Concerning Fuels and Products.—In all types of heat 
found in the same way, using the same denominator 2896.71, which is If jower plants, the products of combustion are gaseous when hot. On 
times the mean molecular weight of dry air. mwoling the products of combustion to atmospheric temperature (at 
The specific volumes, molecular weights, gas constants, specific hea Hiospherie pressure) the water vapor produced by the combustion of 


and specific heat ratios of 14 common gases are given in Table 1, Chapter 
The specific heats of gases change slowly with temperature. ‘The val 
given in the table apply with sufficient accuracy up to several hund 
degrees. For computations at much higher temperatures, a table 
provided in another chapter. 

124. Heat of Combustion.—When fuels are burned in oxygen or & 
there is a large rise in temperature. The heat absorbed by the coo 


hy ilroge nous fuels is nearly all condensed to the liquid form. 

uf the ial of combustion of any ‘foal uel burned in air. een 
hurned in oxygen produces water vapor only. Both carbon and carbon 
Monoxide burned in oxygen produce carbon dioxide only. _Hydrogenous 
fie, cither volatile or heavy hydrocarbons, and HCO _compounds such 
a alcohols, as well as the combustible in coal, , when burned in oxygen 


produce both water vapor and carbon dioxide. The statements in this 
sw the preceding paragraph refer to complete combustion of the fuel. 

lor boilers and auxiliary apparatus of the steam power plant and for 
_.# producers and exhaust heat recovery apparatus of the gas power plant 
’ bh (he total volumes and weights of the products of combustion and 
theiy volumetric and weight analyses before and after condensation of 
*uler vapor contained are needed in connection with the study of heat 


hors and computation of required cross-sections of gas passages. And, 








defined as the heat of combustion. 

An instrument for determining the heating value of a fuel by test 
called a fuel calorimeter. 

For solid and liquid fuels, the bomb calorimeter is used. In t 
Mahler bomb calorimeter a small sample of oil or finely powdered coal 
placed in a cup suspended from the inside of the cover of a strong § 
bomb. The bomb is then charged with oxygen under a pressure of { 


or fifteen atmospheres, immersed in water, and the fuel ignited by 4 in internal combustion engine, the same sort of information must be at 
electric current which fuses a small piece of iron wire suspended in f) wil lo compute thermal efficiency and mean effective pressure and thus 
fuel. The water is constantly stirred. Its weight and rise in temper the relation of dimensions and horsepower developed. 


ture measure the heat developed by the combustion. 
In the Parr calorimeter, sodium peroxide, NazOx, is used to supply 


120, Fuel Types.—Table 15 gives data applying to the complete com- 
Nietion of the basic fuels. Carbon monoxide is included as an important 
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TABLE 15 
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Heating Vatvur anp Arr REQUIRED 


ComMPLETE Compustion—NINeE FUELs 
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‘nstituent in many manufactured fuel gases and ethyl alcohol as a 
\\juid fuel containing carbon, hydrogen and oxygen. It is widely used, 
{ough not in great Cuan bien: The whole class of liquid petroleum fuels 
) tepresented by an “average” fuel containing by weight 84% carbon 
Aid 16% hydrogen. ive 

‘lo promote a better understanding and a more intelligent use of the 
‘ihles, the method of computation of the values contained is followed out 
') «ome detail for five basic fuels. For any other fuel about which similar 
/ymbustion data are desired exactly similar methods may be applied. 
127. Complete Combustion of Carbon in Air.—The simplest exact 
‘wtement of the quantities involved is in the form of what is usually 
teymed the chemical equation, as follows: 


C + O2 + 3.776 nitargon — CO, + 3.776 nitargon. (1) 





This means that one mol (12 Ib) of carbon and one mol of oxygen 
(0 lb) with the associated 3.776 mols of nitargon (in the air of the at- 
phere) when exposed to the process of complete combustion are con- 
Mined and there results one mol of carbon dioxide and the 3. 776 mols of 
largon emerge unchanged. 
‘The subscript 2 in the equation indicates that there are two atoms of 
m yen in the oxygen molecule and also two atoms of oxygen in the carbon 
oxide molecule. The atomic weights involved are: carbon 12, oxygen 
1), nitrogen (in nitargon) 14. The mol weights are carbon 12, oxygen 32, 
turbon dioxide 44, and nitargon 28.164. Therefore 12 Ib carbon unite 
pith 82 lb oxygen Vapsceued with 106.347 lb nitargon) and the products 
combustion are (per mol carbon) 44 Ib carbon dioxide and 106.347 Ib 
Wiargon. The weights per pound of carbon are: oxygen 2.667, carbon 
Noride 8.667, nitargon 8.862, found by dividing each of the preceding list 
Wy i2. The welt of air is the sum of the weights of oxygen and nitargon 
11,529 Ib per pound carbon. 
\l temperatures above the very low temperature at which carbon 
Woxide liquefies, the volumes of the products of combustion, following 
A) oundro’s law, are proportional to the number of mols. In this reaction 
10 mols of the products of combustion consist of 20.94 volumes of carbon 
Woxide and 79.06 volumes of nitargon. The volume of oxygen in at- 
mpheric air has been replaced by an equal volume of carbon dioxide. 
‘he volumes of the gases in cubic feet at 60° F and atmospheric pressure 
found by multiplying the weights by the specific volumes which, in 
‘| case is found conveniently by dividing 379.64 (or approximately 380) 
the molecular weight of the gas, Sect. 36, eq F. 
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products of combustion include both carbon dioxide and steam. 


146 STEAM AND GAS ENGINEERING 


128. Complete Combustion of Hydrogen in Air.—The water form 
condenses to a liquid at normal atmospheric pressure and temperatu 
The combustion equation is: 


H, + 40,2 + 1.888 nitargon — H.0 + 1.888 nitargon. ( 


Because a single oxygen atom unites with a hydrogen molecule 
atoms) only one-half a mol of oxygen is required per mol of hydrog 
The weights in pounds per mol of hydrogen are: hydrogen 2.016 
oxygen 16 lb, steam 18.016 Ib, nitargon 58.173 Ib. a 

The weights in pounds per pound of hydrogen are: oxygen 7.93 
steam (or water) 8.9365, nitargon 26.375. At temperatures and pressu 
for which the steam remains a vapor, the volumetric composition of 
products of combustion is: 34.626% steam and 65.374% nitargon. Und 
conditions for which the steam condenses of course only nitargon remai 

129. Complete Combustion of Carbon Monoxide (CO) in Air.— 
coefficients of the terms in the combustion equation are the same as 
the corresponding terms in the equation for the combustion of hydro; 


CO + 40, + 1.888 nitargon — CO, + 1.888 nitargon. 











In this case, however, the oxide produced by combustion, carbon 
oxide, remains a gas throughout the normal range of operating conditio 
The weights in pounds per mol of fuel (carbon monoxide) are: carb 
monoxide 28, oxygen 16, nitargon 53.173. The weights per pound 
carbon monoxide are: oxygen 0.5714, nitargon 1.899. The volume 
composition of the products of combustion is: carbon dioxide 34.626 
nitargon 65.374%. 

130. Complete Combustion of Ethyl Alcohol (C:H,O) in Air.— 


C.H,O + 302 + 11.328 nitargon + 2CO, + 3H20 + 11.328 nitargon. 


Here six times as much oxygen is required per mol of fuel as in 
case of either hydrogen or carbon monoxide. The weights in pow 
per mol of ethyl alcohol are: ethyl alcohol 46.048, oxygen 96, car 
dioxide 88, steam (or water) 54.048 and nitargon 319.036. The weigh 
pounds per pound of ethyl alcohol are: oxygen 2.0848, carbon dio 
1.9110, nitargon 6.9283. At conditions for which the steam fo 
remains a vapor, the percentage composition of the products of com 
tion is: carbon dioxide 12.249%, steam 18.373%, nitargon 69.377 
With the steam all condensed the volumetric composition is: car 
dioxide 15.006%, nitargon 84.884%. 
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131. Complete Combustion of a Representative Petroleum Distillate. 
Commercial petroleum distillates used for fuel, both light and heavy, 
uve mixtures of many different hydrocarbons of a close family resem- 
hlance, but differing slightly in carbon-hydrogen ratio. The percentage 
Weight composition carbon 84, hydrogen 16, is representative. This does 
iol match any real hydrocarbon exactly, but an imaginary hydrocarbon 
('\Ilis.14 would have very close to the same weight proportions, would 
fequire the same amount of air for complete combustion and would have 
(he same products of combustion. The equation of combustion for this 


\Muginary average fuel follows: 


Oyllis.ia + 12.5402 + 47.351 nitargon > 
8COz + 9.07H20 + 47.351 nitargon. (5) 


lor one “mol” of this imaginary fuel, the weights in pounds of the 
{eucting compounds are: fuel 114.285, oxygen 401.28 nitargon 1333.58, 
turbon dioxide 352, steam 163.404. The weights per pound of fuel are: 
mygen 3.511, nitargon 11.668, carbon dioxide 3.080, steam 1.4300. The 
percentage volumetric composition of the products including steam is: 
iilurgon 73.513, carbon dioxide 12.420, steam 14.082. For the steam 
sondensed, the percentage volumetric composition is: nitargon 85.547 
tarbon dioxide 14.453. 

‘The gaseous and liquid fuels, such as the five examined at some length 
Moot, 127-131, and all of the other fuels of Table 15, are single chemical 
tompounds except the light distillate which is a mixture of liquid fuels 
i! of the same family and of only slightly differing composition. All 
i the fuels of Table 15 are commercially available mixed with only very 
will percentages of adulterants. 

132. Combustion of Coals.—Coals, including lignites, are solid and 
eur in the earth in veins. In mining, the earth or rock adjacent to the 
vein becomes mixed with the fuel and this adulterant is never completely 











_teinoved. In addition, seepage of mineral charged waters into the fuel 


yeins impregnates the coal to some extent with minerals having no fuel 
yilue, or with harmful materials such as sulphur. 

Tuble 4, gives, for each of eight ranks of coal, average proximate and 
/\imate analyses of commercial coals as sold, with the ash, moisture 
(i!rogen and sulphur included. The study of the combustion of these 
\\iols is facilitated by first converting the analyses of coal “as received”’ 
to the ash, moisture, nitrogen and sulphur free condition as shown in the 
livel six columns of Table 16. For eight coals, Tables 17-18 give analyses 


#! products of combustion. For the complete combustion of coal and 
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carbon dioxide is 24.9% and the highest 27.2% with an average value 
25.9%. For nitrogen the range is 69.5% to 71.0% with an average 
70.6%. The physical properties, especially the specific heats of t 
products of combustion of a coal having the mean composition of t. 
whole group will evidently differ by only a small amount from the val 
of the corresponding property for any of the ranks of coal, except 
influenced by variation in the amounts of the diluents, or adulteran 
ash, moisture, nitrogen, sulphur. 

133. Theoretical Air*, Excess Air, Air Use Factor.—The amount 
air required to consume completely a unit mass of fuel is termed theoret 
excess air, and is usually expressed as a percentage of the amount 
theoretical air. 

The term Air Use Factor simplifies combustion computations. It 


defined as the ratio of the theoretical air to the air actually supplied. 


} 1 
Air Use Factor = 3% Vawee Air ( 


1 — Air Use Factor. 
Air Use Factor 


TABLE 19 
Arm Use Facror rrom Per Cent Excess Arr 


i air. The amount of air supplied in excess of that amount is terme 


Excess Air Ratio = 





OP AUS CRBS TANI aia xc ascites 6 0 20 40 60 80 100 


100 | 83 71 62 55 50 45 





Air pe SCL «ots cates 





TABLE 20 
Per Cent Excess Air From Arr Use Factor 





AircWeowPACtOr. ccc cnre ees e4 40 50 60 70 80 90 1 
100 67 43 25 11 
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134. Ideal Rise in Temperature.—From the definition of the heat 
combustion: 
Q = Men(te — th) ( 

where Q is the heat of combustion in Btu per lb of fuel, 
M is the mass of products of combustion per lb of fuel, 
Cm is the mean value of the specific heat of the products of comb 

tion for the temperature range, ¢; to te, 

t; is the initial temperature, ¢2 is the maximum temperature. 


.O\. Air to burm 1 Ib coal: 11.56 + 34.5 (i °) + 4.38. 
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lor approximate calculation, c,, may be taken as the mean specific heat 
o! air for the same temperature range. 


*ombustion when carbon monoxide gas is burned with twice the amount of theoretical 
i, The mean specific heat of the products of combustion is taken as 0.27 Btu/Ib F. 
Solution.—Table 15 gives the heat of combustion of carbon monoxide as 4380 Btu__ 
jv’ lb. ‘The same table gives the amount of theoretical air 2. er Ib of fuel. The 
\lual air used is accordingly 4.92 lb per Jb fuel, and the weight of the products of 
‘ombustion is this plus the weight of fuel, or a total of 5.92 Ib per lb of fuel, Then: 
4380 = Q = Mem(t, — ti) = 5.92 X 0.27 X (t: — 60) 


{, in found to be 2800° F, approximately. Ans. 

"x AMPLE 2.—Using 50% excess air (air use factor = 0.67), with initial temperature 
{wir and fuel 140° F, and assuming the mean specific heat of the products of combustion 
) be 0.274 Btu/lb °F, find the temperature of combustion of ethyl alcohol. 


I°xAMPLE 1,—For air and fuel initially at 60° F, find the maximum temperature of, 


Solution.—As this fuel contains hydrogen, it will be necessary to allow for the ab- 
*rplion of the latent heat of water vapor by using the Lower Heat of Combustion of 
!ihyl Alcohol. In Table 15, this is given as 11,709 Btu per lb. In the same table the 
\woretical air is given as 9 lb per lb of fuel. Then: 


11,709 = Q = Men(te — 140) = (1.5 X 9 + 1)0.274 (te — 140) 
fil t, = 3090° F. Ans. 
‘| \he two preceding examples, the specific heats were obtained from a table of the 


‘roperties of Air, as the approximation involved is fairly close. Construction and use 
»! (ubles of gas properties will be taken up in connection with the study of Gas Laws. 


135. Heat Losses.—Introductory.—To recover all of the heat given 
ly the combustion to the products or to the Flue Gas as they are usually 
ralled in boiler furnaces, the flue gas would have to be cooled to atmos- 
jieric temperature before leaving the boiler or steam generating unit. 
thin is not practicable, especially in smaller plants, as the cost of the 
ieyuired additional heating surface in auxiliary apparatus would be 
jrohibitive. Another reason for not cooling the flue gas to atmospheric 
\eperature is the desirability of discharging water of combustion in the 
form of steam, as liquid water absorbs sulphur dioxide and thus becomes 


. i very active agent in corrosion. 


‘The sensible heat loss of the gaseous products of combustion is evi- 
ilnutly also proportional to their mass and specific heat. This is quite 
‘iinilar in form to the preceding equation: 


Heat loss = MCn(t — to), (9) 


wliore M7 = mass of gas in mols or pounds per pound fuel, 
C» = mean molal specific heat, or specific heat on pound basis, 
¢ = temperature at which gas leaves boiler, and 
t, = atmospheric temperature, below which gas could not be cooled. 
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An additional term will be added later to take account of the heat given up 
by water in condensing. 

As mass and specific heat are essential factors in determining this hea 
loss, a convenient method of calculating the masses involved is needed. 

136. Flue Gas Analysis.—The simplest and quickest method avail- 
able is based on the chemical analysis of fuel and flue gas. An ultimate 
analysis (weight analysis by elements) of the fuel is expensive, but need 
be made only at considerable intervals of time, as fuel is bought in large 
quantities and even successive shipments from the same mine vary but 
little in composition. The volumetric analysis of the flue gas, which 
should be made frequently, requires only simple apparatus and takes little 
time or labor. 

The usual method, by means of the Orsat apparatus, is to draw out 
representative sample of the gas from the flue and store a measured 
amount over water. The water vapor in the flue gas is thus nearly 4 
condensed. The gas sample is then passed repeatedly over surface 
wetted with a solution of potassium hydroxide. This absorbs the carbon 
dioxide and any sulphur dioxide which has not gone into solution in th 
water. The final shrinkage in volume measures the carbon dioxide (and 
the sulphur dioxide) remaining. The oxygen is next absorbed by pho 
phorus or potassium pyrogallate. The remainder is then passed through 
a solution of cuprous chloride, which absorbs the carbon monoxidé 
The final volume is assumed to be nitrogen. 

Where several per cent of sulphur is present in the coal it may be desit® 
able to measure the amount of sulphur dioxide in the flue gas. In thi 
case a fresh sample of flue gas may be allowed to bubble through a stand 
ard iodine solution, colored with starch, until the solution is decolorized 
The volume of gas required will then determine the percentage of sulph 
dioxide. 

Following the usual practice, in the examples and problems in th 
text the presence of sulphur dioxide in dry flue gas will be neglected. 

137. Air Humidity.— 


The water vapor in atmospheric air though small in amount is not negligible. Alt, 
saturated with water vapor, contains moisture in per cent by weight as given below: 


PeMperature, COG Ey acca. o.cts, Beira ieee 100 90 80 70 60 
Percentage moisture in air...... aoe: 4.1 3.0 2.2 1.5 L.A 
Pressure of water vapor, lb per sqin..... 0.95 0.70 0.51 0.36 0.26 
Absolute humidity is the weight of water vapor in a given amount 6 
air, usually expressed as grains per cubic foot. Relative humidity is th 
ratio of weight of water vapor present to its weight in the same va 
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per cent by weight water vapor, the relative humidity is 14 + 3, or 50 
per cent. Relative humidity may vary from a very small percentage to 
100 per cent. 

Water vapor in air is at a very low pressure and behaves like a perfect, 
jus till cooled down to its condensation temperature, called the dew point. 


lume of air when saturated. For example, at 90° F, if air contains 14 





138. Requirements of Perfect Combustion.—Certain basic conditions 
must prevail if the action is to be free of avoidable losses: 


|. The fuel and air must be supplied in correct proportions. 
. The fuel and air must be uniformly and thoroughly mixed in all 
parts of the zone of combustion. 

3. Sufficient surface contact between fuel and air must be present. 

4. The temperature must be high enough to ensure active and com- 
plete combustion 

5. The rate of feeding fuel and air for combustion must be low enough 
to allow sufficient time to complete the combustion. 

6. The products of combustion must be removed as fast as generated. 

. Leakage of heat or of gases must be eliminated. 


bo 


‘These requirements are now applied to: 
|-raw solid fuels, 2—pulverized coal, 3—liquid fuels, 4—gaseous fuels. 


139. Raw Solid Fuels.—For any of the commercial sizes of coal, ideal 
/equirements demand a uniform rate of feed and a uniform distribution of 
(ho air supply over the surface of the fuel bed. 

‘The air must be supplied under a moderate pressure or under the 
jwowsure difference produced as draft by a stack or chimney for low rates 
if combustion, but by a fan, blower or steam jet for high rates of com- 
iistion. 


The spaces where the air passes through the fuel bed support, or 


. faite, must be many and small but not easily clogged. Provision must 


lw made to mix thoroughly the air with the volatile gases that are dis- 

lillod from bituminous coal, as well as to bring it into contact with the 

“\rface of the incandescent solid fuel or carbon remaining. The fire must 
lw so manipulated that the depth of fuel bed is sufficient to provide the 
fejuisite amount of surface exposure for the individual pieces of coal. 

10 make the coal surface effective, the passages between the pieces should 

lw free. Uniformity of size is desirable to prevent draft being choked 

ly the lodgment of smaller pieces. Softening and crushing of the coal 

ileo interferes with air circulation. 
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Embedded ash exposed by combustion should be removed by gravity 
assisted by agitation of the fuel bed. As flat pieces tend to bed them 
selves with the surfaces horizontal and do not automatically free them 
selves of ash, symmetrical shape is desirable. 

140. Pulverized Coal.—Mixing with air is assisted by having the fuel 
dry and finely pulverized. For rapid combustion the air used to bloy 
the coal into the furnace should be hot and should move at high velocity 
with a turbulent motion. The stream of pulverized fuel and air must b 
so directed and the furnace volume must be so large that combustion i 
complete before the burning particles are brought into contact with th 
furnace bottom by gravity or before they are carried among the boile 
tubes by the draft. 

141. Liquid Fuels.—In boiler furnaces the oil is atomized by steam 0 
air under pressure, or mechanically atomized by being forced to pas 
through fine openings under pressure of a force pump. Preliminar 
heating reduces oil viscosity and makes atomization easier. 

In the combustion chambers of oil engines much higher rates of com 
bustion in pounds per second per unit volume of the combustion space ar 
used because only a very brief time is available for fuel injection. A¢ 
cordingly much finer atomization and more energy of the fuel jet are bo 
desirable. In Diesel engines, this is secured by using injection air unde 
pressures as high as 1100 psi, or, with mechanical injection, in twé 
stroke cycle engines, by using injection pressures as high as 20,000 pal. 
In both cases the oil is spontaneously ignited in the combustion chamh 
as it meets air which has been heated to from 800° F to 1000° F by rapit 
compression. 

142. Gaseous Fuels.—These may be burned under boilers or in 
cylinders of gas engines. In the latter case, the gas or vapor is mix 
with air, then compressed, and finally ignited by an electric spark. 
process of mixing the fuel with air is much more easily accomplished with 
gaseous fuels than with liquid or with solid fuels. More effective mixin) 
is obtained by causing finely divided streams of gas and air, moving 
right angles to each other, to impinge against each other while moving 


CHAPTER IX 
COMBUSTION CALCULATIONS 


143. General.—In the chapter on combustion we have noted how 
fuel and air composition determine the proportions of the various gases 
in the products of complete combustion when theoretical air or just 
enough air to burn is used. If excess air is used, that is if the air use 
fnctor is less than unity, the air in excess mixes with or dilutes the products 
of combustion. The analysis of the products of combustion may be 
readily computed in this case also. 

In power plant tests it is usually inconvenient to meter either the 
alr or the gaseous products of combustion, though, except in the case of 
very lean gases, such as blast furnace gas, it is quite feasible to meter or 
ieusure the amount of fuel (whether solid, liquid or gaseous), and to 
ilelermine its percentage composition. The volumetric analysis of the 
imcous products may also be found quickly and with simple apparatus. 

It is therefore usually best to weigh or otherwise measure the amount 
ol fuel, by test find the volumetric analysis of the gaseous products and 
‘hen compute the amount of air supplied and of gaseous products 
fenerated. 

Knowing the amount of the products of combustion and their physical 
jioperties, especially specific heat, the amount of heat carried away by 
the hot furnace gases, and other heat losses may be computed and an 
decounting or heat balance showing in detail what has become of all of 
the heat generated by the combustion of the fuel may be prepared. 

144. Conversion of Analysis.—Though briefly covered in air analysis, 
{he method will be followed out in more detail for a mixed fuel gas and 
«luo applied to the products of combustion, or flue gas. 


l)xampLe 1.—A producer gas has the volumetric analysis: 


velocities of from 200 to 400 fps. The temperature of ignition of gas r COs co He CH, N/A Total 
often higher than that of oil. Therefore a large hot spark is desirable 1 5 25 15 2 53 100 
gas engines. (ompute: (@) weight analysis by compounds ; (b) mean specific heat of the mixture at 


el and 14.7 psi. 


Solution.—The molecular weights and specific heats will be taken from Table 1, 
(haptor If, The per cent volume of each gas is multiplied by its molecular weight and 
‘he produets recorded. The sum of the products divided by 100 is the mean molecular 
wellt of the mixed gas. Then, dividing each product by the sum of the products, the 
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quotients will be the items in the weight analysis, in per cent. The work is best tabu- 
lated as shown below. 


Total 
Name CO2 CO He CH, N/A and Mean 
Volume, per cent, 5 25 15 2 53 100 
Molecular weight, m 44 28 2.016 16.03 28.164 24.75 
mV 220 700 30.24 32.06 1492.69 2475.0 
(a) Weight %, 8.89 28.28 1.22 1.30 60.31 100 A 
mV + =mV 
Specific heat at con- 0.206 0.248 3.164 0.540 0.248 0.284 Ans 
stant pressure, Cp 
(b) Mcp 1.831 7.013 3.860 0.702 14.957 28.363 


The mean or average specific heat of the producer gas is computed in the same way 
the weight analysis. ‘The mean molecular weight and the mean specific heat are en 
in the total column by pointing off two places in the number just below, that is: 247, 
(the sum of the mV products) becomes 24.75, molecular weight, and 28.363 (the sum 
the Mc, products) becomes 0.284, mean specific heat. 


Exampie 2.—The volumetric analysis of a dry flue gas (flue gas with the wa 
vapor removed) is: 


Carbon Carbon 
dioxide monoxide Oxygen Nitargon Total 
he 14 7 80.6 100.0 


Find: (a) weight analysis, (b) the mean molecular weight, (c) weight analysis by elemen 


Solution.—In problems and examples, it will be satisfactory to round off molecu 
weights to integral numbers, for example 28 for nitargon and 2 for hydrogen. It will 
remembered that a mol of carbon dioxide, COz, contains 12 pounds of carbon and 
pounds of oxygen, carbon monoxide, CO, contains 12 pounds of carbon and 16 pounds 
oxygen per mol. The m for the gas mixture is only an average. 


Line Name COz Co Oz N/A Total 
1 % Volume, V il 1.4 i 80.6 100.0 
2 Mol. weight, m 44 28 32 28 (30.04) m. A 
3 mV 484. 39.2 224 2256.8 3004 
4 Weight %,M 1611 18 7AT 75.12 100.0 Ans. 


Having proceeded to compute the weight per cent and the m 
molecular weight precisely as in the preceding example, the table w 
be continued to show how we may compute the mean molecular wei 
of the dry flue gas in a fraction of the time. This mixture always ¢ 
tains the same four gases. Both carbon monoxide and nitargon have t 
same approximate molecular weight, 28, oxygen has molecular weigh 
32, or 4 more, and carbon dioxide has molecular weight 44, or 16 mo 
Then the molecular weight of the mixture will be 28 plus the exe 
produced by the heavier oxygen and carbon dioxide. 


Line Name CO. CO Oz N/A Total 
5 (m-28) 16 0 4 0 
6 (m-28) ( ae ) 1.76 0 028 0 2.04 
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The carbon dioxide increases the 28 by 1.76 and the oxygen increases 
il by 0.28, making a total increase of 2.04, and this added to 28 gives 
40.04 as before, but with much less labor. 

To obtain the weight analysis by elements, the same table will be 
vontinued by three lines for carbon, oxygen and nitrogen, the only ele- 
tients which appear in the dry flue gas in most cases. 


} Per cent 
Line Name COz CO Oz N/A Total weight 
7 Carbon 132 16.8 = _ 148.8 4.95 
8 Oxygen 352 22.4 224 oa 598.4 19.92 
9 Nitargon _— _— — 2256.8 2256.8 75.13 
Total 484 39.2 224 3004.0 100.00 


The 132 is the product of the 11 volumes or mols of CO, times the 

# pounds of carbon per mol. Similarly, the 16.8 is 1.4 mols CO times 
12 pounds of carbon per mol. The 352 is 11 times 32. 

145. Continuity Equation.—(a) General.—The mass of the fuel and 

‘ilr entering the furnace must equal the mass of products leaving, or, 

jemembering that any of the four terms may include moisture, by weight: 


AIR + FUEL = FLUE GAS + REFUSE. (1) 


ltefuse is the name used for solids that do not burn. It consists of 
(he ash in the fuel, together with unburned fuel and moisture. Unburned 
roul in the refuse is customarily assumed to be carbon. 

Not only does the continuity equation apply to the whole mass en- 
fering and leaving the furnace, it also applies to the mass of each chemical 
tlement, such as carbon, hydrogen, oxygen or nitrogen. Thus: 


CARBON IN FUEL = CARBON IN FLUE GAS + CARBON IN REFUSE, (2) 
NITARGON IN AIR + NITROGEN IN COAL = NITARGON IN FLUE GAS, (8) 
OXYGEN IN AIR ++ OXYGEN IN COAL = OXYGEN IN FLUE GAs. (4) 
In all cases, both oxygen and nitrogen in refuse are neglected, as any 


Hilrogen or oxygen it contains came from ash in coal and did not appear 
ii the ultimate analysis of the coal. 


(b) Carbon Lost in Refuse per Pound Coal.—The continuity equa- 
lion permits the calculation of the weight of refuse per pound of coal, 


knowing the per cent by weight carbon in refuse and per cent weight ash 
ii coal. Dry refuse is assumed to consist of only carbon and ash, and 
i!| the ash in the coal is assumed to be in the refuse. (In the case of 
jiilverized coal this assumption is not tenable. The ash in the flue gas 








| 
. 
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or that has been separated from the flue gas must be weighed.) Th illustrated in Example 2 of this chapter is used to find the per cent carbon 


ly weight in the dry flue gas. 
ASH IN COAL = ASH IN REFUSE, ( 








(d) Flue Gas per Pound of Coal Fired. 
ISXAMPLE 7,—Coal analysis by weight is: 


WEIGHT COAL X % WEIGHT ASH 
= WEIGHT REFUSE X % WHIGHT ASH IN REFUSE. (5 


Examp_e 3.—Coal contains 10% ash by ey and dry refuse contains 80% C H oO N s Ash Total 
by weight. Find weight refuse per pound of coal. 69 5 ll 1.5 2 11.5 100.0 
Solution.—By eq 5a, Ivy flue gas analysis by volume is: 
Ma X10 = M,X 80M, + Ma = 3 = 0.125 lb per Ib coal. Ans. CO. co Os N: Total 
16.1 0.2 2.8 80.9 100.0 


Here M.: is weight coal and M, is weight dry refuse. ; ‘ 
EXampLe 4.—Coal contains 6% ash and dry refuse contains 30% carbon. F 
(a) weight refuse per pound coal, (b) carbon in refuse per pound coal. 


No carbon in refuse. 
lind pounds flue gas per pound coal. 
, Sol ere ial | per mol of dry flue gas = 28 + 0.028 X 4 + 0.161 X 16 = 30.69 
} per mol. 
“aE in flue gas = (0.161 + 0.002)12 + 30.69 = 0.0637 lb per Ib dry flue gas. 
“q 2 gives: 


Solution.—(a) As refuse consists of carbon and ash, the weight ash in refuse 
100 — 30 = 70. Then, by eq 5a, 


Mak bs RO es + Me Ate 


70° Mag 


0.69M.1 = 0.0637M a, + 0 M1, = 10.83. Ans. 


And, 
(b) carbon in refuse = 0.30 M, = 0.80 X 6/70 Mir = 2.6% Ma. Ans. 


(c) Weight Dry Flue Gas per Pound of Coal. The continui 
equation may be used to compute this quantity if the weight per ¢ 


carbon in the flue gas is known and if the weight per cent carbon in 
coal that goes into the flue gas is known. 


The products of combustion of hydrocarbon fuel, such as gasoline, if 
"ipplied with less air than required for complete combustion, may contain 
mall amounts of CO and CHy. For such cases the weights of air and 
i ry flue gas per pound of fuel may be found by the continuity equation 
jecisely as in the case of coal. 


Examp.e 5.—Coal contains 60% carbon (by weight) and the dry flue gas con 146(a). Air per Pound Fuel.—In this section problems will be worked 


3% ree Ay a There is sot he ming ee Find the weight dry flue Hoth for the simpler case in which both air and coal are moisture-free, and 
per poun pas : ; oe se ey aa ee coon as ilso for the case in which moisture is present in both air and coal and in 
et 60 = Mag . Which some of j i 
Ms Fs ts 50 dey eer ge & Ok ‘ich some of the carbon is not burned, but appears in the grate refuse. 


lor the first case, moisture-free air and coal, the data of Example 7, 


ExamP.e 6.—Coal contains (by weight) carbon 70%, ash 12%. Flue gas con int 145. wi : cai es ; ; 
by weight 3.2% carbon. Refuse contains by weight 20% carbon. Find: (a) Bie Heol, 145, will be used. Applying the continuity eq 1 to this example: 
refuse per pound coal, (b) pounds carbon in refuse per pound coal, (c) pounds dry 


gas per pound coal. 
Solution.—(a) Ash in refuse = (1.00 — 0.20 = 0.80) X weight refuse. Then, 
5a 

0.12M.1 = weight ash = 0.80, M,/Ma = 0.15. Ans. 


(b) Carbon in refuse = 0.20 X 0.15 = 0.03 lb per Ib coal. Ans. 
(c) Then, by eq 2: 0.70M.i = 0.032M ag + 0.03M 2: or 


AIR + FUEL = FLUE GAS + REFUSE, (1) 
We have 
eq DRY AIR + DRY FUEL = DRY GAs + H2O0+S0.+ REFusE (6) 
This equation states that the flue gas includes the (10.83 Ib) dry flue gas 
ilready found and also moisture (H;O) due to hydrogen in coal and sul- 


Ma,/Ma = 0.70 — 0.03 _ oy 9 pee Tb ieoat! ike: hur dioxide due to combustion of sulphur. One pound of hydrogen when 

0.032 (nilod with oxygen forms nine pounds of water and one pound of sulphur 

As encountered in an actual plant test, the coal analysis will be fume two pounds of sulphur dioxide. Also the refuse has been assumed 
weight, but the dry flue gas analysis will always be by volume. It fy contain no carbon and therefore consists of only the ash in the coal. It 


not be necessary to convert this to a weight analysis, but the met Will be convenient to assume unit weight of coal. Substituting in the 
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continuity equation, the values just found: 
DRY AIR + 1 LB DRY COAL = DRY FLUE GAS+9H+2S + asH (6a 


Here H and § are weights hydrogen and sulphur per pound coal. 


Then, for data of Example 7: 
Dry Air + 1 = 10.83 + 9 X 0.05 + 2 X 0.02 + 0.115 = 11.435 


The 10.83 is dry gas as found in example 7, the 0.05 is per cent hydrogen in coal fro 

weight analysis of coal; 0.02 is weight sulphur in coal and 0.115 is weight ash in coal 

Weight dry air, from equation given, is 10.435 lb per lb coal. 
For the general case: 


Moist Actual Air + 1 lb coal fired = Dry flue gas + 9H + 28 
+ moisture in coal + moisture in air + refuse. (( 
(b) Air and Flue Gas per Pound Coal. Moisture Considered.—T 
next example will illustrate the case in which moisture is present in bo 
fuel and air. As such moisture passes through the furnace unchanged 
composition, computation will be facilitated by proceeding exactly as fi 
fuel and air, motsture-free, afterward taking moisture into account 
calculating total weights of air, fuel and flue gas. 


Examp.e 8.—Weight analysis on the dry basis of a Lucas County, Iowa, bitumin 


coal shows: 
H Cc N O Ss Ash Total 
6 57 1.2 20 3 12.8 100.0 
The volumetric analysis of the flue gas on a dry basis is: 





CO; CO Oz Ne Total 
| 11.4 0.6 7.0 81 100.0 
| Air has 1.6% moisture by weight. Coal as fired has 15% moisture by weight. 


refuse has 20% carbon. (a) Find weight dry gas and weight dry air per pound 
coal. (6) Find total weights of air and of flue gas per pound coal as fired. 


} 
Solution.—(a) By eq 5. Carbon in refuse = mm X 0.20 = 0.032 lb per Ib 


| coal. Weight carbon burned is 0.57 — 0.082 = 0.538 lb per lb dry coal. By contin 
equation: carbon in dry gas = (0.114 + 0.006)12 = 1.44 lb per mol. 


! By line 6, Ex. 2, may = 28 + 0.07 X 4+ 0.114 X 16 = 30.1 


| Weight dry gas = 0.5388 + we = 11.25 lb per lb dry coal. Ans. 
12.8 
M, = roe 0.16 lb per lb dry coal, Ans. 


To find the weight dry air per lb dry coal by continuity equation: 
Air + 1 = (Ma = 11.25) + (Refuse = 0.16) + (9H = 0.54) + (28 = 0.06), 


Weight dry air = 11.01 lb per Ib dry coal. Ans. 
(b) Conuidutnig moisture, the air has 1.6% moisture and the coal has 15% moisa 
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Then, per lb dry coal, by eq 1: 





, ; ; : 11.01 , 1.00 
Nlue fuse = Se hee = 
ue gas + refuse = weight air + weight coal 0.984 + 0.85 11.2 + 1.18 = 12.38. 
Air per lb coal fired = ue = 9.5 lb. Ans. 
‘Total flue gas per Ib coal = wes etipe 2036) = ae = 10.37 lb. Ans. 


(c). Other Methods of Computing Weights of Air and Flue Gas.— 
In Sections 145 and 146 a and b of this chapter, a method based on the 
\illimate analysis of the coal and on the continuity equation has been 
(leveloped for quickly computing the weights of air, flue gas and the three 
tlements of moisture in the flue gas. Sections 147 and 148 are devoted 
lo the computation of the heat balance, with some special consideration 
of the boiler furnace. Another method of doing part of the work of 
Nections 145 and 146 a and b is now given. 

Using CO2, CO, Oz and Ne for percentages by volume of these gases in the dry flue 
fm, the weight of 100 mols of dry flue gas is: 

44COz + 28CO + 3202 + 28N>. 

An me sum of the four percentages is 100, the weight of 100 mols of dry flue gas may be 
Pwritle Ps 
— 2800 + 16CO2 + 40r. 
HNoenuse each mol of CO, and each mol of CO contain 12 lb C, 100 mols of dry flue gas 


fonitain: 
12(COz2 + CO) 


jwunds of carbon, which is the carbon burned, or M.». 
‘Therefore the ratio of the mass of dry flue gas to its content of carbon burned is: 


Mag _ 2800 + 16CO2 + 402 _ 700 + 4CO2 + 02 (7) 

Ma 12(CO2 + CO) ~ 8(COz + CO) 
‘Thon, having computed the mass of carbon burned per pound of coal fired by the method 
i Mection 145, we can immediately find the weight of dry gas per pound of coal fired. 

\nother method is available for computing the mass ratio of dry air to carbon burned. 
| sing again the volumetric analysis of the dry flue gas, the pounds of nitrogen (nitargon) 
jwr 100 mols is: 
28N 2 


wid the weight of dry air accounted for is 


28N 2 
0.7687 





Whereas the weight of carbon burned is 
12(CO2 + CO) 
‘The ratio of these two is the weight of dry air per pound of carbon burned: 





Maa = 28N 2 _  8.04Ne . 8) 
Ma ~ (.7687)(12)(CO, + CO) ~ CO, + CO ( 
rom this, the pounds of dry air per pound of coal fired is found. Eq 8 does not consider 


the nitrogen brought in by the coal. This is a very small amount. 
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(d) Graphical Methods.—W. S. Patterson and A. L. Nicolai have 
prepared a 40,000-word pamphlet covering graphical methods in combus 
tion computations. Seven types of fuels, including gases, petroleum and 
coal are considered. 

Per pound of fuel, the following weights are intended to be determined; 
(1) air used, (2) dry gas produced, (3) water produced. The per cent by 
volume of carbon dioxide in the dry products of combustion is also de 
termined by the use of charts. 

The basis stressed is millions of Btu generated by combustion. Goot 
approximations are sought in estimating amounts of fuel and air and 6 
gaseous products generated. 

147. Heat Losses. (a) General.—The steam generating unit include 
furnace, boiler and stack. In the furnace, the chemical energy of the fu 
is released by combustion. A few per cent of this energy passes by radi 
tion and conduction from the external surfaces of the steam generator t 
the atmosphere. 

Most of the heat of combustion passes by radiation and conduction ti 
the heating surface of the boiler and thence to the steam and water con 
tained. The gaseous products of combustion leave the zone of combustia 
at 2500° F or more and, during the process of surrendering heat to th 
boiler, are cooled to a temperature of from 200° F to 800° F by the tim 
they leave the boiler. 

During the passage from the boiler to the top of the stack, the gas 
lose heat to the flues and the stack, and, after passing from the top of 
stack, they give up a large amount of heat to the atmosphere during m 
ing and cooling to atmospheric temperature. 

Neglecting the small loss from the outside surface of the steam gen 
erator, the heat transferred to water and steam may be found by sul 
tracting from the heat of combustion the sum of the heat loss to 
atmosphere referred to in the preceding paragraph and heat loss due 
incomplete combustion. Or, expressed as an equation: 


Heat of combustion = Heat transferred to steam + Heat lost (@ 


Heat lost = Radiation and conduction losses + Losses due to in- 
complete combustion + Heat given up by flue gas in cooling tor (10 
atmosperic temperature. 


(b) Losses due to Incomplete Combustion.—These losses include los 
due to carbon in the refuse and losses due to carbon monoxide in the fl 
gas. In Table 15, the heat of combustion of carbon is given as 14,600 It 
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por lb and the heat of combustion of carbon monoxide is given as 4380 Btu 
per lb or 323 Btu per cu ft (at 60° F and atmospheric pressure). 

[oXAMPLE 9.—During operation of a furnace, the grate refuse contains 0.032 lb car- 
hon per lb coal, the dry flue gas contains 0.6 per cent carbon monoxide by volume, the 
iolecular weight of dry flue gas is 30.1 and there are 11.25 lb dry flue gas per lb coal 


jurned. Find heat losses due to incomplete combustion: (a) due to carbon in refuse, 
()) due to CO in flue gas. 


Solution.—(a) Loss due to carbon in refuse is: 
0.032 X 14,600 = 467 Btu per lb coal burned. Ans. 
(b) Per mol dry flue gas or 30.1 lb, the analysis shows 0.006 mols of carbon monoxide 


which weighs 28 lb per mol. Therefore the weight carbon monoxide per lb flue gas is: 
28 
0.006 X 301 — 0.0056 Ib. 


Weight of carbon monoxide per lb coal = 0.0056 X 11.25 = 0.063 lb. 
The heat lost due to presence of carbon monoxide in flue gas is: 
0.063 X 43880 = 276 Btu per lb coal. Ans. 
Allernate solution for carbon monoxide loss. Specific volume of dry flue gas: 


380 
301 ~ 12.6 cu ft per lb. 


Total volume of dry flue gas: 12.6 X 11.25 = 141.8 cu ft per lb coal. 
Volume carbon monoxide in flue gas = 141.8 < 0.006 = 0.85 cu ft per lb coal. 
Loss due to carbon monoxide = 0.85 X 323 = 275 Btu per lb coal. 


(c) Sensible Heat Losses Associated with Cooling Flue Gas.—The 
‘Average composition of “combustible” (ash and moisture free coal) in 


simples of the eight ranks of U.S. coals is given in Table 16 as: carbon 
4.5, hydrogen 4.8, oxygen 8.7. Dry coal of that composition burned 
with “theoretical air” (or just enough air for complete combustion) will 


produce flue gas (or burnt gas) of weight analysis: nitargon 70.6, carbon 
ilioxide 25.9, water vapor 3.6. The same composition coal with 25 per 
vent excess air, or air-use factor 80 per cent, will give products of combus- 
lion of weight analysis: nitargon 71.8, carbon dioxide 21.0, water vapor 
“0, and oxygen 4.3. The volume analysis, before condensation of any 
Wioisture is: nitargon 76.7, carbon dioxide 14.4, water vapor 4.8 and 
oxygen 4.1. The specific heat of the latter gas is not greatly different 
from that of the products of composition of any dry coal when burned 
with 25 per cent excess air. The heat lost by any gas in cooling at 
almospheric pressure is equal to its loss of enthalpy. The table 21 follow- 
in gives the enthalpy in Btu per lb of such an average gas and of water 
vapor at temperatures from 60° F to 800° F. 
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TABLE 21 


ENTHALPY OF Propucts or CompusTIon oF AVERAGE Dry Coat, Btu/Ib 
Wirn 25% Excess Am. Darum Zero °F. Very Low oe 4 

















Temperature, 

dezF | 69 | 70 |100 |200 |300 |400 | 500 | 600 | 700 
Dry gas 14.9 | 17.3 | 24.7| 49.1| 73.7] 98.2] 124.5 | 150.4 | 177.0 | 204, 
Water vapor | 27.2 | 31.7 | 45.1 


89.7 | 134.3 | 179.4 | 225.6 | 272.8 | 321.1 | 370.5 





As the specific heat of the products of combustion rises with temperature, this ta’ 
may be used to advantage in computing sensible heat losses. 7 > thie 
Exampte 10.—Volumetric analysis of dry flue gas shows: 


CO2 CoO Oz Ne Total 
13.1 0.4 6.5 80.0 100.0 


Find the sensible heat loss per pound of coal if th i 
ghar per p of coal if the flue gas leaves the boiler at 700° 


15 lb of dry flue gas per lb of e 


Solution.—The sensible heat loss per pound of dry flue gas will be (with fairl 
approximation) the difference of enthalpies in Table 21 for 700° F ond oor ra rriig 


177.0 — 14.9 equal 162.1 Btu per lb of dry flue gas. P i 
heat loss is 15 X 162.1, or 2431.5 Btu. pek : = penn cos! ia 


(d) Energy Loss due to Moisture.—The heat lost by the products 
combustion in cooling to the temperature of the atmosphere includes n 
only the sensible heat given out by the gases but also the latent he 
given out by water vapor in condensing. Even the average dry coal wh 
burned in air produces enough water vapor from combustion of H ine 
to form nearly two per cent by weight of the products of combusti 
Air supplied for combustion may contain up to about two per cent 
water vapor by weight, and as the products of combustion weigh only § 
to 10% more than the air supplied, the water vapor in the products 
combustion coming from moisture in the air may be as high as two 
cent of the weight of the products. 

Coals contain from a few per cent up to about 15% of moistu 
(mechanically combined) and lignites may have 35% by weight of wate 
The total water vapor in the products of combustion coming from th 
three sources may then be from two to more than seven per cent by weight, 
or even higher. The pressure of this water vapor in the flue gas balan 
part of the atmospheric pressure of about 15 psi. Water vapor 4+-% b 
weight will be somewhere near 7% by volume (because volumes 
inversely proportional to densities and therefore to molecular weigh 
And with water vapor 7% by volume its pressure in the flue gas will 
7% of the atmospheric pressure or .07 X 15 or 1.0 psi. The Keen 
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KKeyes Steam Tables give the condensation temperature of water vapor 
i this pressure as about 102° F. Flue gas loaded with 4.0% moisture by 
weight, on cooling to 102° F will begin to lose water by condensation. 
‘he flue gas is said to have been cooled to its dew point. Condensation 
will then continue as the temperature and therefore the pressure of the 
water vapor drops until atmospheric temperature is reached. If to 
(he sensible heat loss of all of the water vapor cooled to air temperature 
\s added the latent heat of condensation of water at the final air tempera- 
lure, the sum is a close approximation to the total heat given up or lost by 
the water vapor in cooling. 


The A.S.M.E. power Test Code for Steam Generating Units gives this loss: 
Q = 1090.7 + 0.45541 — te, (11) 


Where 


ty 
te 


temperature of flue gas leaving boiler in deg F, 


temperature of the atmosphere. 


The air entering the boiler furnace contains water in the vapor state. 
This moisture only causes a loss due to its sensible heat. Water in the 
sonal and the water produced by combustion must be charged with both 
sensible and latent heat loss. 

|)xAMPLE 11.—Using the data of Example 8 and assuming that the flue gas has a 
lomperature 600° F as it leaves the boiler, calculate on the basis of one pound of coal 


w lived, the losses associated with: (a) dry flue gas, (6) moisture and hydrogen in the 
roul, (c) moisture in the air, cooling to 60 


Solution.—(a) In the solution of Example 8, it was found that 11.25 pounds of dry 
yun were generated per pound of dry coal. As the coal as fired had 15% moisture, the 
amount of dry gas was 11.25 X (1.0 — .15) = 9.56 lb per Ib coal fired. Using the 
athalpies of Table 21, the sensible heat loss in dry gas per pound of coal fired is: 9.56 
» (150.4 — 14.9) = 1296 Btu. Ans. 

(b) For the 0.06 X 0.85 lb hydrogen per Ib coal fired, combustion generates 0.051 X 9 
» 0.159 lb water vapor. To this must be added 0.15 lb moisture per pound, making a 
‘otal of 0.609 Ib. ‘Taking the latent heat of water at 60° F as 1058 from the steam tables, 
tho (otal heat loss associated with moisture and hydrogen in the coal is: 


(),009 { (272.8 — 27.2) + 1058} = 794 Btu per lb coal fired. Ans. Or use eq 11. 


(v) In Example 8, the weight of air was found to be 9.5 lb per Ib of coal fired. The 
ale hind ae moisture by weight, and as sensible heat loss is the only loss, Table 21 
fiver the loss: 


9.5 X 0.016 X (272.8 — 27.2) = 37 Btu per lb coal fired. Ans. 


148. Efficiency, Heat Balance.—(a) Grate Efficiency is found for 
suall power plants. Efficiency is a term which is used to designate 
ihe ratio of the amount of desired output realized to the input required. 

l‘or the grate, the output desired is energy in the form of radiant heat 
wud energy added to the gases resulting from combustion. The input is 
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the heat of combustion of the fuel. The difference between these two 
the heat of combustion of incompletely burned fuel in the refuse and 
sensible heat in the refuse as it is removed from the furnace. The last is 
usually small enough to be neglected. The energy lost in refuse is usuall 
assumed equal to 14,600C where C is weight carbon found in one pound 
dry refuse. 

The percentage ash in the coal multiplied by the ratio of carbon to 
ash in the refuse gives the amount of carbon in refuse in percentage of the 
weight of coal. 

The grate loss is this percentage times 14,600, the heating value pe 
pound carbon and the grate efficiency is 1 less the ratio of grate loss 
heating value of the coal. 

Exampte 12.—A coal as fired has 12 per cent ash and 13,500 Btu per pound. Thi 
dry refuse contains 15 per cent carbon. Find grate efficiency. 

Solution.—The carbon in refuse is 12 15/85 = 2.12 per cent of weight of coal. 
0.0212 X 14,600 

13,500 


An approximate method of calculating grate efficiency is to assume it equal to 
percentage of the combustible that is burned on the grate. 

Examp.eE 13.—A coal as fired has 12 per cent moisture and 16 per cent ash. Th 
refuse has 10 per cent moisture and 18 per cent carbon. Find grate efficiency. 


0.18 
1 — 0.10 — 0.18 


1.00 — 0.12 — 0.16 — 0.04 
1.00 — 0.12 — 0.16 


The grate efficiency is 1 — = 97.7 per cent. 


Solution.—Carbon in refuse is 16 X = 4 per cent of weight of co 


= 94.4 per cent. 





Grate efficiency is 


For the complete steam generating unit the output desired is hea 
added to feed water at constant pressure (boiler pressure). This may 
be calculated from the weight of water fed to boiler and from heat addet 
per pound steam, as discussed in Chapter IV. 

What is called overall boiler efficiency is the ratio of heat absorbed hi 
feed water (and steam) to heat of combustion of coal burned. 

(b) Heat Balance for Boiler.—When a fuel is burned, the heat of com 
bustion is released. In the boiler and furnace it is desired to transmit al 
of this energy to the water (or steam) in the boiler. Certain losses ¢ 
encountered whose amounts may be found by calculations based on te 
data. Other losses may only be estimated or found by subtracting all 
the known losses, and the heat utilized, from the known heat of combu 
tion. Such an accounting is termed a heat balance. 

The following example will be used to demonstrate a systematic pre 
cedure for calculating the items in the heat balance and tabulating result 
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[ixAMPLE 14.—In a steam power plant test a West Virginia coal of the following 
\\llimate analysis was used: 


Dry Basis: H 5.1; C 75.8; O 10.5; N 1.5; § 0.8; Ash 6.3; Total 100.0. 


\w fired, coal contained 8 per cent moisture by weight and its calorific value was 12,000 
I‘tu per lb. The air supplied for combustion was at 70° F and contained 1 per cent mois- 
lure by weight. The volumetric analysis of dry flue gas gave: 


CO 0.86; COs 14.30; O2 4.82; N2 80.52; Total 100.00. 


The dry grate refuse contained 48 per cent carbon. It is assumed that no unburned 
surbon or ash is carried away by flue gas and that all SO2 produced is absorbed by mois- 
lure before the gas enters the Orsat apparatus, so that percentage of COs is correct. 
HNoiler test data showed that 7500 Btu per lb of coal as fired was absorbed by water (and 
steam). The flue gas entered stack at 750° F. Find: (a) weight refuse; (b) weight 
ilry gas; (c) weight dry air; (d) weight moist air and weight moist flue gas; (e) loss 
‘ue to carbon in refuse; (f) loss due to CO in flue gas; (g) sensible heat losses in dry 
wus and steam; (h) latent heat loss; (7) heat balance. 


Solution.—(a) Ash in refuse = 1 — 0.48 = 0.52 lb per lb dry refuse. Then, the 
sontinuity equation gives; 


0.52M, = ash in dry refuse = ash in dry coal = 0.063M act 
wad 


M, = ary refuse = 0.063 + 0.52 = 0.121 lb per lb dry coal. Ans. 


(b) Carbon in dry refuse = 0.48 X 0.121 = 0.058 lb per lb dry coal. 
The molecular weight of the dry gas = 28 + 0.043 x 4+ 0.143 X 16 = 30.46. 


The weight carbon per lb dry gas = oe) 12 = 0.0598 lb. 
0.758 — 0.058 = 0.70 = carbon burned per lb dry coal = 0.0598 X dry gas weight. 
Dry gas = 0.70 + 0.0598 = 11.7 lb per lb dry coal. Ans. 


(c) Dry air + 1 = dry gas + refuse + 9H + 2S = 11.7 + 0.12 +9 X 0.051 
+ 2 X 0.008. 
Dry air = 11.3 lb per lb dry coal. Ans. 
(d) Weight moist air per lb dry coal = 11.3 + 0.99 = 11.4 lb. Air per lb coal as 
fived = 11.4 K 0.92 = 10.49 Ib. Ans. (This is moist air per lb moist coal.) 
[ere 0.92 is weight dry coal per Ib coal as fired. 


| } 10.49 = weight products entering (and leaving) = flue gas (not dry) + refuse 
= flue gas + 0.12 X 0.92. 


Thorefore, flue gas = 11.38 lb per lb coal fired. Ans. 

(e) ine due to carbon in refuse = 0.92 X 0.058 X 14,600 = 780 Btu per Ib coal 
fired, ns. 
‘Tho number 0.058 is the carbon in dry refuse, found in part (6). 


(/) Volume dry flue gas per lb dry coal = 11.7 X on = 146 cu ft at 60°F and 
14.7 psi. 


Loss due to CO = 0.92 X 146 X 0.0086 X 323 = 372 Btu per lb coal fired. The 
Humber 0.0086 is CO in dry flue gas analysis. The 323 is from Table 15. 
7 g) The heat lost in cooling dry flue gas at constant pressure, by interpolation in 
Table 21, is: 


177.0 + 204.2 
2 


0.92 ( y 173) 11.7 = 1865 Btu per Ib coal fired. Ans. 


Moisture in air = 10.49 < 0.01 = 0.105 lb per lb coal fired. 
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By Table 21, heat carried away is: 2. A flue gas analysis by volume is: 
. o.1os (S21 5870.5 _ 31.7) = 86 Btu per Ib coal fired. Ans. eG ae . ai wen 
, 15.7 0.1 3.4 80.8 100.0 


Moisture in coal plus moisture from combustion of hydrogen is: 
0.08 + 9 X 0.051 X 0.92 = 0.50 lb per lb coal fired. 
In cooling this moisture gives out: 
0.50(345.8 — 31.7) = 157 Btu per lb coal fired. Ans. 
(h) In condensing the same moisture gives up: 
0.5 X 1053 = 527 Btu per |b coal fired. Ans. 
The latent heat of water vapor is 1053 Btu per lb at 70° F. 


(a) Calculate weight analysis by compounds. 
(b) Calculate weight analysis by elements. 


(b) Combustion Equations. 


3. Write the combustion pansies for the following: acetylene, C2.H.; methy- 
uleohol, CH,O; ethyl alcohol, C2H,O0; cellulose, CsH100;; benzene, CsHe; naphtha- 
lone, CoH. 

4. Write the combustion equations for the following: ethane, C2Hs; propane, C;Hs; 
hulane, C4Hio; pentane, C;Hi2; propylene, C;Hs; butylene, C4Hs. 











(¢) Density, Specific Heat and Calorific Power of a Mixture. 


5. A carbureted water gas analysis by volume is: 
Heat Bauance Basep on Coan As Frrep 




















} CO2 co He CH, C,H, Ne Total 
; Btu | Per Cen 3 20 40 25 9 3 100 
; Incomplete combustion losses: (a) Find weight analysis. (6) Find density compared to hydrogen. 
1. Heat lost due to carbon in refuse...............00000- 780 6.5 (c) Find density in pounds per cubic foot at 32° F and atmospheric pressure. 
Pe LORE UGK CONE HUC PAG ac Sa ste css aces vicrt arya vive 4h 372 3.1 6. An illuminating gas analysis by volume is: 
: Cooling losses: 
MPP EVONUCIPHOR nee. 5 eretaisc5 sath tes choh se biemeloe he-cews 1,865 15.5 He CH, CoH, CO2 CoO Nz Total 
: ZrO VION MIN AEL Coyiccs ac ie feces 4 ae cee Oe 0.10 Ib 36 0.3 
3. Moisture and H in coal..........(08 + 42)'~'0.50 Ib] 157 13 ° = ‘ ; : me 
; Latent heat loss; condensing moisture............. 0.50 Ib 527 4.4 lind: (a) Weight analysis; (b) density compared to hydrogen; (c) specific volume 
PCAtrLulizedinn wee Acts tee.c peme custeeleiiae Aen aera. ete: 7,500 62.5 wad density at 32° F and atmospheric pressure. 
Radiation ‘and.waccounted fors 1< ..4i. 6.4 ' ceuiedei aus coleo ole 763 6.4 7. A natural gas analysis by volume is: 
otaltheat-olcombustions. iste ico Was ce 12,000 100.0 H, co CH, CoH, Oz Ne Total 
2 it 92 ah 1 3 100 


The sum of the moisture losses, 157 Btu and 527 Btu, is equal to 684 Btu per Ib 





fired. Using eq 11, this loss is: 0.5 (1090.7 + 0.455 X 750 — 70) = 681 Btu per lb 
The difference in the two results is small. 


Tf all of the sulphur in the coal left as sulphur dioxide in the flue gas, the heat carri 
away would be: 0.008 X 2 X 0.154(750 — 70) = 1.7 Btu per lb coal. See Table 
for 0.154 and coal analysis for 0.008. The sulphur dioxide loss is negligible. 


149. Problems.—Use Tables 1, 15 and 21, pp 36, 144, 164. 


The ultimate analysis of a fuel is alvays by weight of fuel elements, with all eleme 
in ash lumped in a single item. Unless otherwise stated, ultimate analysis is alw: 


on a “dry” or moisture-free basis. Moisture is usually given in weight percen 
of fuel as fired. 


(a) Conversion of Analyses. 
1. A producer gas has the following volumetric analysis: 
CO; co He CH, No Total 
9 18.5 11.5 3.1 57.9 100.0 


(a) Calculate weight analysis by compounds. 
(b) Calculate ultimate analysis, or proportion by weight of C, O, H, N. 





(a) Find the constant pressure specific heat at 832° F, = =C, X mass fraction. 
(b) Find the calorific power in Btu per cubic foot at 60° F and atmospheric pressure. 
8. A coke-oven gas has a volumetric analysis: 


HH, Co CH, C.H, Oz CO, N2 Total 
50 6 36 4 1 i 2 100 


lind: (a) Specific heat at constant pressure; (6) specific heat at constant volume— 


_ loth at 60° F; (¢) the calorific power in Btu per pound; (d) the calorific power in Btu 
jwr cubic foot at 60° F and atmospheric pressure. Use Tables 1 and 15. 


), (a) Calculate the lower heating value in Btu per pound for methane, CH,; 


olhylene, C2H4; and for hydrogen. Take higher heating value from Table 15. 


(b) By calculation show the percentage error resulting when Dulong’s formula is 


wed to find the higher heating value of these gases. 


10. A flue gas has the following volumetric analysis: 


CO2 CO Oz Ne Total 
15 0.1 4 80.9 100.0 


Using Table 1, calculate the constant pressure specific heat at 32°F. Compare 


with specific heat of air. Find specific heat on mol basis and on pound basis. 
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(d) Combustion Calculations. 
11. An Ohio coal has the following ultimate analysis on the dry basis: 


C H O N S) Ash Total 
71 5 9 1 3 11 100 


(a) Calculate the weight in pounds and the volume in cubic feet at 60° F and atmo 
pheric pressure of the air required for complete combustion. 

(6) For the same pow and temperature find the volume of the dry products 
combustion. (c) Find weight of products of combustion. 

12. (a) Calculate the weight of water vapor in problem 11. (b) If 25% excess 
is used, find the volumetric analysis of the dry flue gas. 
‘ 13. bap mane the volumetric analysis of the dry flue gas resulting from the co 

ustion 0: 

(a) Cellulose C 44; H 6; 050: (6) wood C 50; H 6; O 44: (c) peat C 60; H6 

Ose (d) ene C 70; H 6; O 24: (e) bituminous coal C 80; H6;0 14: (f) anthraci 
93; 4 

14. rE dry anthracite contains 77.7% carbon and the coal as fired has 11% moist 
The air used has 1% moisture hap "Si The volumetric analysis of the dry flue g 
is: CO2 14.8%; Oz 4.6%; Ne 80. 

(a) Find the volumes of dry air ‘and of dry flue gas at 60° F and atmospheric press 
per pound of dry coal. (6) Find the weight of moisture in flue gas per pound of 
coal. Neglect the weight of hydrogen in the coal. 

15. For initial temperature 60° F calculate the temperature of combustion of carbo: 
using 100% excess air. 

16. For initial temperature 60° F calculate the temperature of combustion of car! 
monoxide, using 50% excess air. 

17. A Virginia coal has the following ultimate analysis on the dry basis: 


C H O N S) Ash Total 
81.8 4.7 4.2 1.5 0.9 6.9 100.0 


As fired the coal has 3.37% by weight moisture. _ Fifteen pounds of air are used 
pound of dry coal. The entering air contains by weight 2% moisture. 

(a) Calculate the moisture per pound of dry coal in flue gas due to: (1) moisture 
the coal; (2) combustion of hydrogen i in the coal; (3) moisture in air; (4) total. 

(b) For initial temperature 60° F and flue gas temperature 500° F calculate the 

carried away per pound of coal fired by: (1) moisture in coal; (2) moisture due to 

bustion; (3) moisture in air; (4) total. 

(c) For complete combustion, calculate the heat carried away by the dry flue 
per pound coal fired. 


(e) Calculation of Weight of Air and Flue Gas from Coal and Gas Analyses. 
18. The ultimate analysis of a dried sample of coal is: 














¢ ‘H O N S Ash Total 14 
76.5 4.3 6.6 1 0.5 11.1 100.0 IN 
The volumetric analysis of the dry flue gas is: M 
COz co O2 Ne Total 4 
11 1.4 Ms 80.6 100.0 
(a) Calculate pounds of dry flue gas per pound of dry coal. 
(6) Calculate the weight air per pound of dry coal. 
19. The ultimate analysis of a dried sample of coal is: 
C H O N Ss Ash Total 
70 5 8.9 1.4 2.3 12.4 100.0 


Weight moisture. 


All percentages are by weight. 


Weight of coal. 
jer pound coal lost in the refuse. 
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The volumetric analysis of dry flue gas is: 


CO: co Oz Ne 

13.9 0 5.4 80.7 
(a) Find pounds of dry flue gas per pound of dry coal. 
(b) The coal as fired has 2.2% by weight moisture and the air supplied has 1.8% by 


Find moisture in flue gas per pound of coal fired. 
20. An anthracite coal has the following ultimate analysis: 


Total 
100.0 


Cc H O N H20 Ash Total 
70 3 3 1 10 13 100 
The dry flue gas has the following analysis by volume: 
CO: co Oz Nz Total 
14.8 0.1 5.5 79.6 100.0 


(a) Find weight of dry flue gas per pound of coal as fired. 
(b) If air contains 1% by weight moisture, calculate the total moisture in flue gas 


jer pound of coal fired. 


({) Carbon Lost in Refuse. 


21. A coal contains 60% carbon and 15% ash. The refuse contains 20% carbon. 
Find carbon lost in refuse per pound coal. 

22. A coal has 50% fixed carbon and 25% ash. The weight refuse is 40% of the 
Find percentage weight carbon in the refuse and the weight carbon 


Answers to Problems in Sect. 149. 


In order given 

(a) 15.2, 19.9, 0.9, 1.9, 62.1; (b) 14.1, 22.4, 1.4, 62.1. 

In order given. (a) 22.6, 0.1, 3.5, 78.8; 0) y 2, fa 73.8. 
(a) 8.8, 37.1, 5.8, 26.5, 16.7, 5.6 3 (6 2 7.48: (c) 0.042 

(a) 8.63, 54.68, 10.07, 3.96, 20.14, 2.52; ( iy 2 52; (c) 32.29. 


(a) 0.697; (6) 0.507; (c) 5079; (d) 607. 
(a) Table; (b) 10.9, 0.4, —. 

(a) 7.32, 0.238; (b) 0.8% less. 

(a) 9.64, 126.5; (6) 128.3; (c) 10.538. 


. (a) 5.55; (b) 949.3. 


(a) 0.45; (b) COs 14.5, Ne 81.2, O» 4.3. 

(a) 190, 186; (6) 0.27. 

2615 F. . 

8865 F. 

(a) 0.034, 0.423, 0.30, 0.757; (6) Table 21, 42, 514, 59, 614; (c) 1608. 
(a) 15.4; (b) 14.9. 

(a) 12.77; (6) 0.623. 

(a) 11.97; (6) 0.49. 

0,038. 

87.5, 15. 
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(loors C, although some air must be admitted through A to mix with the 
wombustible gases above the fuel. Combustion occurs on the grate and in 
\he space above the grate. Volatile matter in the fuel is distilled from the 
interial on the grate and, in common with the carbon monoxide formed by 
partial combustion of the fixed carbon, is mixed with the over-fire air enter- 





CHAPTER X 
COMBUSTION EQUIPMENT FOR STEAM GENERATION 












150. Simple Furnace and Boiler.—Heat for the production of steam 
| obtained from the combustion of a large variety of fuels burned in so 
form of furnace. The furnace is the piece of equipment in which comb 
tion takes place. The energy released by combustion is absorbed by t 
operating medium, usually water and its vapor, in some form of boiler. 
| Heat will flow from any body of high temperature to a body of lo 
temperature but the rate and method of flow are both dependent upon 
number of factors. The boiler is a closed vessel in which water is confin 
while absorbing heat and being converted to steam. It may be a sim 
sphere or cylinder. More commonly it is a combination of tubing wi 
one or more cylinders called drums. In some cases, the boiler is 0 
tubing without drums. Our present interest is limited to the furn 
and related combustion equipment without particular concern for 
means for utilizing the heat generated in the furnace. 

The problems discussed in preceding chapters in connection wi 
combustion may be reduced to three fundamentals, viz., (1) to introd 
fuel and air for combustion, (2) to burn the fuel, and (3) to remove 
products of combustion and the refuse remaining; each of these th 
things to be done as nearly as possible under the most favorable conditi 
at the most favorable time for the plant as a whole. 


Five requirements for perfect_combustion, already covered in Ch 
VIII, may be expressed briefly as: 
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Fie. 55. Setting for Horizontal Return Tubular Boiler. 
(Courtesy of Erie City Iron Works.) 


Longitudinal Sectional Elevation 


1. Proper proportions of fuel and air. 


2. Sufficient mixing. 


3. 
4. 


Sufficient surface exposure. 
Sufficient temperature. 






Wim through A. This actively burning mixture passes over the bridge- 


- wall D, which serves to further mix air and combustible, and into the com- 


lution chamber where time is given to complete the combustion, thus 
Hieoling the fifth requirement of perfect combustion. On reaching the 
mul of the boiler the products of combustion ion pass up and into the rear 
ul of 70 flues which are 4-inch outside diameter tubes extending from 
end to end of the boiler shell. After leaving the forward end of the flues, 
the products of combustion with their temperature greatly reduced by 
the heat transmitted to the water in the boiler pass through the smoke 
fonnection to the breeching and thence to the stack. The breeching is 












5. Sufficient time. 


The utility of any piece of combustion equipment should be judged 
the basis of its relation to the problems of combustion and the above fi 
requirements for perfect combustion. 

Many generating units now in use are of a horizontal return tubu 
type arranged as shown in Fig. 55. Fuel is fed by hand through doors 
onto grate B and most of the air for combustion is admitted throu 
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the duct connecting the boiler gas outlet with the stack or other means 
gas removal. This arrangement is called a horizontal return tubul 
boiler because the horizontal tubes return the products of combusti 
to the firing end of the setting for disposal. Setting means the boiler an 
furnace installation. Modern large-capacity settings differ greatly fro 
the horizontal return tubular setting just described but have evolved fro 
it in the progressive endeavor to attain higher efficiency in combusti 
and in heat utilization. The designation HRT means a horizontal retu 
tubular boiler. a 

The first combustion requirement is entirely in the hands of the fi 
man. Ina large measure the second and third are controlled by the si 
and shape of fuel supplied and the rate of supply or firing. The fou 
and fifth requirements are affected by the rate of combustion and 
furnace construction. 

151. Grates.—The surface upon which solid fuels are burned is call 
a grate. The arrangement of the grate must be such as to support 
fuel and permit sufficient air to pass through to promote combusti 








Fia. 56. Hand-Operated Rocker or Dump Grate. 
(Courtesy of McClave-Brooks Co.) 


Fig. 56 is a side view of a hand-operated rocking, or dumping, grate | 
ranged for hand firing. 

The grate shown is for anthracite. The same type grate is used wi 
bituminous coal but then the sections are different and arranged to gi 
a cutting or slicing action. 

The front of the grate is to the left. It is supported on the dead plw 
Coal may rest on the dead plate, but cannot burn there because no 
spaces are provided. The operating rods are shown beneath the gra 
At the rear, the grate is supported by the bridge wall. The stub ends 
the hand-operated levers are pivoted to brackets on the boiler front, 
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The grate bars are arranged in groups of three orfour. Either the bars 
of a single group may be rocked (or dumped) or the bars of two or more 
yroups may be rocked simultaneously. 

Many grates have fixed bars so that the cleaning of the fire or removal 
of the ashes must be done by hand with a hoe. Fixed and shaking grates 
ure each better fitted for some coals than the other would be. 

Besides uniformity in the thickness of fuel bed and in size of coal, 
uniformity in the distribution of air openings in the grate bars and also 
ul the edges of the grate or fuel support is essential in order that the rate 
of air admission be everywhere the same over the cross-section of the grate. 

The individual air openings in the grate must be narrow enough to 
keep the coal from falling through. For the finest anthracite these open- 
ings may be ; to #5 of aninch. The largest size openings for anthracite 
should not exceed 32-inch. For soft coal slack, openings are generally 
j-inch wide and for run of mine, # to $ of an inch. 

The amount of grate surface provided must be sufficient to keep the 


ute of combustion, or the pounds of coal burned per hour per square foot 


of grate surface, low enough to avoid trouble due to clinkering or partial 
fusion of ash. 

The ash in coal contains alumina, silica, oxide of iron, lime, magnesia, 
und small amounts of sulphur, potash and soda. This ash fuses and forms 
‘linker at from 1900° F to 3000° F, depending on the composition of the 
uh and the conditions of firing. A considerable percentage of either iron 
or sulphur in the ash renders it very fusible, especially when there is 
\nwufficiency in the air supply present at any point in the fire. A large 
percentage of ash in the coal greatly increases the difficulty with clinkers. 
The high rank coals generally have ash that is least fusible. 

lor hand firing, with rates of combustion of 15 lb of carbon content 
jor sq ft of grate surface per hour, little trouble will be experienced from 
ilinkering. The small sizes of anthracite contain larger percentages of 
wh, and must be burned at somewhat lower rates of combustion with 
hwnd firing to reduce clinkering. 

The depth of fuel bed has an important influence in compacting ash 
ind increasing hardness of clinkers. The high rank coals and the larger 
sive coals may be burned with the deepest fuel beds. The depth of fuel 
hods in use ranges from 4 inches in the finer sizes of anthracite and in 
liigh volatile bituminous coal to as much as 15 or 16 inches with semi- 
hiluminous coals. 

I'ree-burning coals should not be agitated whereas caking coals should 
Hence, midwestern bituminous coals are generally better adapted 





he, 
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to chain grate stokers and eastern bituminous coals to underfeed stokers 
However, spreader stokers burn either. 
152. General Setting Requirements.—The number of furnace an¢ 
boiler installations similar to that described above is so great that the 
are worthy of further consideration. They are not as complicated o 
impressive as a large central station unit but they do present boiler a 
furnace problem fundamentals. Large modern furnaces have evolve¢ 
from these simple HRT furnaces. 
The walls of the combustion chamber are made of firebrick for HR’ 
settings and for larger units as well when heat release rates are not to 
high. Firebrick are made of a mixture of highly refractory flint clay 
with little binding power, and plastic clay. Firebrick soften at temper: 
tures above 2400° F. 

The joints (cracks or spaces) between bricks are kept as small aj 
possible and are filled with fire clay to which some fibrous refracto 
material such as asbestos or magnesia wool may be added. 

Air leakage must be minimized. Air leaks occur commonly at cor 
tacts of brick and metal, such as around fire-door frames, at blow-0 
connections, and where arches or walls come into contact with the boile 
Walls of considerable dimensions exposed to high temperatures w 
develop cracks. Careful backing of the walls with well-tamped plasti 
refractory material, provision of slip joints, and frequent inspectio 
and repair of the inside of the furnace are advisable. 

Bridge walls should extend at least 15 inches above the grate at 
lowest point and should be arranged, by sudden changes in direction, 
produce violent eddies in the burning gases, thus aiding mixing am 
prompt burning. 

Defects in the setting of the horizontal return tubular boiler are (1 





_ that the relatively cold surface of the boiler shell covers most of th 
furnace, (2) the lack of means to continuously mix the over-fire air will 
the combustible gases. 
To meet the first disadvantage the distance between grate and shel 
has been greatly increased over early practice so that at least 30 inches } 
required in even the smallest installations. This not only gives more roo) 
for combustion but further results in a greater volume of burning mixtuf 
not directly radiating to the cold metal above. For the same fuel burn 
per hour the heat generated in the furnace will be the same for complet 
combustion and a given amount of excess air without regard to the furn 
size. The loss of heat from the furnace increases slightly with size bee 
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of the increased surface capable of radiating and conducting heat to the 
Hitside. 

Air or steam jets are sometimes used to mix the air and gas over the 
wrute, especially for high volatile coal, in an effort to overcome the second 
disadvantage. Improvement in combustion results, but jets use as 
ich as 6 per cent of the heat absorbed from the fuel; so smoke is reduced 
hull without much better economy. 

It is evident that any arrangement to maintain a high temperature 
i) (he furnace will assist combustion and anything causing relative motion 
hwlween the air and the burning gases will reduce the losses from incom- 
somplete combustion. 









OBSERVATION OPENING 


*| <AIR TIGHT ASH DOOR 


Fig. 57. Furnace in Santo Domingo for Burning Yucca Stocks. 
(Courtesy of M. A. Hofft Co.) 


l‘igure 57 shows arrangements for securing high furnace temperature 


hy extending the furnace proper in front of the boiler so that the fire over 
the grate is exposed only to hot brickwork which receives and gives 
wl heat by radiation as the temperature of the fuel bed surface varies. 
Mich an arrangement is necessary for successfully burning solid fuels | 
\iuh in volatile matter or moisture content and is called a Dutch oven / 
wilting. Great care is taken to prevent entrance of air which would cool 


ihe furnace during a stand-by period. (Stand-by means not delivering 


| 














vattainable percentage of CO:. Seeking too low an amount of excess 
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steam but ready to do so on short notice.) Such care is particula 
necessary when handling high-moisture fuels such as bagasse (sugar call 
refuse), yucca stalks and wet wood waste. In Fig. 57 note particular, 
the points of air admission intended to cause turbulence of the gases. 

Attempts to improve combustion through high furnace temperatu 
have imposed higher temperatures upon the brickwork with attends 
failures and increased maintenance cost. Early designs to prese 
firebrick by cooling with circulating air were followed by water coolin 
pipes or boxes at critical points. Water cooling has been made more 4 
more effective until in modern large furnace practice there is no brick 
work. Water cooling of the furnace is no longer adopted as a meas’ 
for furnace maintenance reduction but instead is planned to constit 
the furnace walls and to be a major part of the designed heat recover 
surface. 

153. Air and CO,.—Dulong’s formula may be used to establish 
reasonableness of a rough rule that 74 pounds of. air are needed per 10,06 
Btu in a fuel. Because air cannot be supplied in the precise quant: 
needed at each part of the furnace, some excess air is required. Al 
some air filters in beyond the combustion zone. Excess air is seldom le 


than 10 per cent and may exceed _100 per cent. 


The constituent of flue gas that is most easily measured is COp. 
water vapor in flue gas does not appear in the dry gas analysis. The ve 


ume of carbon dioxide equals the volume of oxygen from which it 
formed. For no excess air, the composition of flue gas resulting from th 
combustion of carbon would be the same as that of air, with the 21 y 
cent of oxygen replaced by 21 per cent of carbon dioxide. Because fil 
has a high percentage of carbon, the percentage of CO, in the flue gas’ 
closely related to the percentage of excess air. The maximum proporti€ 
of CO, obtainable would be 21 per cent, with carbon ‘the only combustil) 











in the fuel and no excess air. Other constituents reduce the theoretical 








as indicated by a high CO: content in the flue gas, results in incomple 
combustion of the carbon with the production of carbon monoxide 
thereby in loss in efficiency. 
Carbon dioxide may not be carried much above 15 per cent withot 
obtaining an increasing proportion of carbon monoxide. 
Moderate-sized plants find it profitable to install continuously-reco 
ing CO, meters. Air-flow and steam-flow records may be includ 
Automatic controls are available for keeping the proper relations amo! 
these three quantities of air, CO. and steam. Automatic controls 
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wonvenient but often unjustified because of cost in medium-size units. 
‘hey are indispensable for large units. 

154. Smoke.—Smoke is a suspension of solid particles in a gas. 
All of it is a nuisance but the carbon particles indicate an economic loss 
hecause of poor combustion conditions rather than because of the loss 
of the carbon itself. Unburned smoke particles are not present in large 
(jvantities unless unburned gases are in the flue gas as a result of poor 
iiixing and combustion. 

Black smoke is, therefore, always associated with low combustion 
olliciency; and measures that reduce the blackness of the smoke are also 
(hose that raise the efficiency of combustion. 

The term smoke usually is associated with black smoke. Though 
inuch progress has been made in the elimination of black smoke with 
fesultant saving to operators, the elimination of black smoke does not 
twmove the smoke nuisance. Cinders carrying a large percentage of 
turbon also are discharged and distributed over a comparatively small 
trea. The combustible in cinders represents a loss. A greater nuisance 
(han that of black smoke or cinders as they are discharged at present is 
(he discharge of fly ash from all types of solid fuel-burning installations. 
‘This very fine material may be carried great distances. The satisfactory 
isposal of fly ash is a major problem notwithstanding claims to the 
vontrary. Much money is spent in the endeavor to reduce the nuisance. 

Although sulphur in smoke is not usually of sufficient amount to be 
lwrmful to animal life, it has serious effects upon vegetable lifé. Its 
flects on plant equipment will be considered in some detail later in 
fonnection with the equipment affected. 


Smoke particles may be only a few millionths of an inch in diameter, 
jnd once formed are not easily captured _by mechanical ‘means. _ For 
smoke prevention, the process of fuel distillation should occur slowly 
und at as low a temperature as possible. High temperature immediately 
illor distillation, with scant air supply, causes separation of carbon and 
increases smoke. The admixture of air admitted to burn the volatile 
iwatter should be prompt and complete which is the reason for the jets 
shown in Fig. 57 and referred to in Sect. 152. 

155. Smoke Abatement.—The average temperature of the fuel bed 
in within a few hundred degrees of 2400° F. When fresh coal is charged, 
i) hand firing, there is a temperature drop whose magnitude depends on 
(he weight of coal fired and percentage of moisture and volatile matter in 
the coal. 


At the same time, the volatile matter being distilled off, the freshly 
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fired coal is partly decomposed, with formation of smoke, by the hot gase 
passing through the fire. It is then imperfectly mixed with the air ente 
ing the furnace above the fuel bed and is partially or completely burned 
Investigation has shown that oxygen cannot pass uncombined throug 
even three inches of burning fuel, so that the large volume of volati 
matter mixed with burnt gas, ascending as a solid column toward th 
center of the fire, must be burned by air entering at the sides or, tod 
generally, entering only at the front. 

In hand firing, frequent charging of small amounts of coal will improy 
the combustion of volatile matter. Frequent firing, however, is hard or 
= fireman and also admits large quantities of cold air through the fi 

oor. 

In the alternate method of firing, the fresh coal is first spread only o 
one side of the fire. After the volatile matter has been distilled this coal 
is spread over both sides. At the next charging, fresh coal is spread on th 
other side. 

In the coking method, fresh coal is placed only on the front of the fu 
bed, and the air entering through the fire doors has to mix with onl 
thin stream of ascending gas. The coked coal is next pushed back from 
the fire door and spread over the fire and a fresh charge is placed on 
front of the fire. 

Coal containing much volatile matter is best burned in a high com 
bustion chamber, giving ample time for gas mixing and burning befa 
the flame strikes the water-cooled surface of the boiler. ‘The air enterir 
above the grate should be divided into thin streams moving at high 
locity, to facilitate mixing, and should be preheated to make combustioi 
more rapid. 

156. Mechanical Firing.—Chilling of the fire by the addition of colt 
fuel and the admission of cold air over the fire are inevitable with hant 
firing. Loss of heat and irregularity in the rate of supply of availab 
heat result. These disadvantages of hand firing early prompted cor 
sideration of mechanical means for introducing the fuel in regular quan 
ties without the admission of unwanted air. Supplying the fuel in 
more uniform manner without chilling the furnace results in higher 


economy, less smoke, and less danger to the furnace due to alternat 








chilling and heating. 

The first mechanical stoker was invented by James Watt in 178! 
It was of the overfeed type and consisted of an arrangement for pushin 
fuel onto a coking plate in the furnace, from which the coked coal w 
pushed onto the grate by the next and succeeding charges of fresh co 
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Another type of overfeed stoker is the spreader stoker and in 1822 John 
Mtanley used a hopper to feed crushing rollers which supplied fuel to fans 
which distributed the coal over the grate. In 1834, and 1843 patents 
were taken out on a form of grate in which sections moved from front to 
hack, where they dropped and were returned to the front. However, 
in 1841, John Jukes patented the first traveling grate stoker. Coal was 
fed from a hopper at the front and was gradually carried through the 
furnace as the grate advanced. Ashes and clinker were discharged at 
(he back. The first underfeed stoker was patented by James Frisbie 
in 1844. It consisted of a section of the grate acting like a plunger to 
push fuel up through the fire. Sometime after 1868 the Holroyd-Smith 
sloker consisting of three troughs or retorts running from front to back 
of the furnace and connecting with a trough running across the front of 
ihe furnace was patented. Double-threaded screws carried fuel back 
into each of the three troughs to force fuel into the fire. 

157. Types of Stokers.—The above outline of early stokers indicates 
(hat there were three principal types, the overfeed, traveling grate and 
underfeed. Watt’s stoker, and Stanley’s, are representatives of the 
overfeed, while that of Jukes represents the traveling grate. The single 
wnd multiple retort underfeed stokers are first found in the Frisbie and 
Hlolroyd-Smith machines. All modern mechanical stokers can be re- 
duced to these elementary forms. Numerous mechanical details vary in 
different machines but the essential principle does not. There are many 
manufacturers of stokers of each type but it will be sufficient to consider 
only one example of each. Necessary characteristics of furnace design 
for each type will be considered with the stoker. 

158. Overfeed Stokers.—The two types of overfeed stokers are 
adapted to different requirements. The so-called _overfeed_stoker is 
lund operated, and gravity is the principal force used to feed the coal. 
‘The grates are inclined steeply and the coal is fed in at the top. In 
order to avoid “slides,” the grate angle is made less than the angle of 
repose, which is the angle at which coal at rest will begin to slide due to its 
own weight. The angle of repose is about 50°, varying with the kind of 
voal and the size of lump. The grate angles used by the various manu- 
fucturers are 10° to 20° less than that. 

The coal is chuted to a magazine in front or at the sides of the furnace 














over the dead plate or coking plate and onto the grate bars. The grate 
sections in different types may extend laterally as in the Roney, National, 
or Lehigh stokers, or longitudinally as in the Murphy or Detroit V-type 


Sf 











182 STEAM AND GAS ENGINEERING 


Stokers. Some bars are given a rocking or reciprocating motion wh 


frequency and amplitude is regulated according to the rate of feed desired 


At the bottom of the grates are hand-operated clinker dumps 
mechanically operated clinker breakers. 
The coal is fed from one end on top the grate, and during its pessa, 
across the grate the volatile matter is first distilled and burned by p 
heated air admitted at the top and then the fixed carbon is burned by 
coming up through the grate. 
In the sectional view, Fig. 58, the fuel hopper, the pusher, grate, a 
operating mechanism may be seen. Coal, fed by gravity from the hopp 
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Fic. 58. Hopper Feed Hand-Operated Stoker. 
(Courtesy of McClave-Brooks Co.) 


is pushed forward onto the dead plate by the hand-operated plunger. 

the dead plate the volatile matter is distilled rapidly and passes under 
ignition arch, where it meets finely divided streams of preheated air whi 
have entered through the hollow arch. The coal next passes over a 8 
tionary section of the grate and then over the four sections which 
rocked by hand. The shape of the rocker makes it impossible for 


coal to suddenly slide or ‘‘avalanche” down the grate when the fuel be 
being agitated. Grate sections at the bottom may be dumped for 
removal. 

Notice how the furnace brickwork overhangs the grate even bey 


the air-admitting portion of the arch. This type of stoker has been 
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lor steady loads of moderate rating. It is adapted to firing waste fuel or 
combinations of waste and coal. The hand-operated overfeed stoker is 
excellent for improving efficiency with a minimum investment. Fre- 
(juently a power-operated mechanical stoker would give no better results, 
show no reduction in labor, but would represent a greater operating 
expense for both power and fixed, or overhead, charges. 


Ruggedness and simplicity are prime essentials in locomotive equip- 
nent. The Simplex Stoker shown in Fig. 58a is an example of simple 





Fie. 58a. Simplex Type B Stoker Applied to Locomotive. 
(Courtesy of Standard Stoker Company.) 


vyerfeed stoker of the Stanley type. Coal from the tender falls into a © 
merew conveyor which is driven through a gear and pinion at the rear 
end by a two-cylinder steam engine shown under the cab floor. As coal 
is used the four movable floor plates above the screw are successively 
tioved forward to permit the coal to enter the conveyor without throwing 
i undue weight on the screw. At the forward end of the tender the coal 
i» foreed_past_a number of projecting lugs which serve to crush large 
pieces so that the stoker can handle lumps as big as a 20-in. cube. From 
(he crusher, coal is conveyed under the mud ring (see Fig. 84) to the 
holtom of an elbow which rises above the grate inside the fire-box. The 
eid of the conveyor screw is double-threaded to assist in elevating the 


soul. When the coal reaches the top of the elbow it is struck by steam jets 
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removed by hand operation of the shaking grates. 


blades are held by centrifugal force in the radial position shown. Stud 


right or the back of the furnace. Alternate rows of blades along th 
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which blow it over the entire grate as shown in Fig. 586. At the same time 


the jets serve to mix the over-fire air and combustible gases. There a 
three jets for each back corner, thre 
for each side and two for the front of 
' thefurnace. Each of these five group 

is controlled by a separate valve. — 
For a locomotive as shown in Fig, 

84 a 7-in. bore by 7-in. stroke (7 X 
engine operating on steam at from If 
to 50 psi is used to drive the conveyor 
The nozzles use steam at 25 to 35 psi. 
As much as 22,000 lb of coal may b 
fired per hour, which is greatly in e: 
cess of normal requirements. Maxi 
mum combustion rate is 121 lb of co; 

per sq ft per hr. 

_ All sides of the furnace are col 
metal surfaces; so combustion is aide 
by the tile arch, shown in Fig. 58 
Ww! and Fig. 84, which serves to refled! 
Fra. 58b. Plan and Section of Simplex €@t upon the fuel bed and to mix 
Stoker in Operation. air and gases. The arch is suppo 
by a few water tubes as shown. 
Air is admitted through the grate and over the fire. Ashes must Ii 











In recent years, this second type of overfeed stoker, known as thi 
spreader stoker, has enjoyed much improvement and wide adoption fi 
stationary and marine use. While the Ahmeek Mill plant shown in 
100 was erected in 1931, and equipped with underfeed stokers, its dé 
signers consider it representative of the best current practice with 
exception of the stokers. If it were being erected at the present tim 
spreader stokers would be used instead of underfeed. 

A vertical section of a spreader stoker is shown in Fig. 59. Noi 
the feed control lever which adjusts the amount of rotation of the intel 
mittent rotary feeder. The distributor rotates continuously and ii 


of the blades pictured will reveal that they are twisted in a way 10 
make them throw coal away from the observer to the left side of the fur 
nace in addition to the principal effect of throwing coal to the observer's 
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distributer shaft are arranged to throw coal to the left and right of the 
furnace. 

While Fig. 59 shows mechanical details of a spreader stoker, a furnace 
und grate arrangement for a different stoker design are shown in Fig. 60. 
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(Courtesy of Combustion Engineering Corp.) 
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This design uses a pusher feeder and the distributor rotates «lock 
instead of counterclockwise. The wide open furnace with only a sm 
front arch and the water-cooled rear wall should be noted. The gra 
is an interesting solution to the ash removal problem. Its top surfa 
moves slowly to the left at a controllable rate, according to the firing ra 
and discharges ashes at the front. i are 








Fic. 60. Operating Arrangement of Spreader Stoker. 
(Courtesy of Detroit Stoker Co.) 


The spreader stoker usually is arranged as a series of units across 
front of the furnace. Units are about two feet wide. They are w 
adapted to the firing of most solid fuels except anthracite coal and ¢ 
breeze. 

159. Traveling Grates.—The traveling grate stoker is suitable f 


burning fuels of wide variety and size. It is the best stoker for anthracl 


and coke breeze. Also it is well adapted to the free-burning midweste 
bituminous coals but not to the eastern caking coals because there is 
action to break up the caked fuel bed. The fuel should have a suflici 
ash content to give the grate a protective coating at the rear. 
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The chain grate stoker is one type of traveling grate stoker and is 
essentially a grate surface made up of the links of a chain. The key-and- 
hur type has a grate surface of easily-replaceable cast iron keys attached 
{o transverse bars which are carried through the furnace by a few chains. 
he drive is through either the front or rear sprocket. Longitudinal 
skids and transverse beams support the grate and fuel in the furnace. 
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Adjustable Fuel Gate 





Fie. 61. Coxe Stoker Details. 
(Courtesy of Combustion Engineering Corp.) 


Openings between the grate keys or links are of such size as to pass the 
joquired cold or preheated air without permitting excessive sifting of 
fine coal through the grate. 

A Coxe stoker with key-and-bar type grate is shown in Fig. 61. Fuel 
\s supplied to the hopper, from which it flows onto the traveling grate to a 
(hickness determined by the height of the adjustable fuel gate. As the 
fuel moves from front to back, it requires different amounts of air. This 
ls provided by the six air compartments which receive air through sliding 
wid dampers in the sides of the three windboxes. For wider stokers, the 
(vunsverse supports are made to serve as partitions for the air compart- 
nents, and the side frames are arranged to serve as windboxes. ‘This is 
shown in Fig. 62 where the stokers have eight and seven compartments 
jmpectively, without any transverse windboxes. 

‘The best thickness of fuel bed is determined for a given fuel and, 


(horeafter, variation in rate of combustion generally is obtained by adjust- 


inont of the rate of air supply and grate speed. ‘The fuel should be just 
well burned out at the end of the last compartment to avoid a loss of solid 


tarbon in the refuse, or the admission of too much unused air from the 


lant. compartment. 
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Ax The short front arch aids in ignition and protection of the stoker front, 
| ‘\\ ‘the long rear arch aids in mixing the hot gases from the rear of the gra 
with the distillates from the front. It also tends to throw solid fuel lift 
from the grate back upon it at the front. This reduces the loss of carbo: 
in the flue gas. The long rear arch, recognized as best for anthracite, no 
seems accepted for other fuels which are hard to ignite such as ligni 
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Fig. 62. Coxe Stoker Settings. 
(Courtesy of Combustion Engineering Corp.) 


However, the effective use of over-fire air jets at the front arch has m 
it possible to eliminate the rear arch for other fuels unless extremely | 
inash. An open furnace is obtained like that of Fig. 87 which approach 
the open furnace of Fig. 60 and reduces trouble from slagging of the boil 
by plastic ash carried up to the tubes by high velocity through the thr 
between the two arches shown in both settings pictured in Fig. 62. 
The setting at the left is at the University of Texas for the burni 
of lignite. That at the right is at the Jersey City plant of the Colga 
Palmolive-Peet Co. and is for No. 3 buckwheat anthracite. Both sho 
4 the tube connections for the sidewall water boxes where the fuel bed w 
slide along the side of the furnace. 
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In each case heat reflected from the forward and rear arches aids 
ignition. Much moisture must be driven out of the lignite and the 
inthracite must be raised to a higher temperature than a more volatile 
fucl. In some installations as much as 20 per cent of the fuel fired is high 
volatile coal mixed with the anthracite to aid in igniting the entering fuel. 
The long rear arch tends to maintain high temperature of the fuel bed 
i combustion nears completion with consequent tendency to cool off. 
I will be noticed that there is an air chamber for approximately each 
\hree feet of grate length. When operating with forced draft the air 
pressure is highest at the central portions in the length of the grate. 
When burning fine anthracite, the draft_ must be strong enough to prac- 
livally float the fuel on air or make it “dance.” The grate widths are 
10 ft and 21 ft respectively. 

160. Underfeed Stokers.—Underfeed stokers are of two general types: 
vide-cleaning and end-cleaning. Side-cleaning stokers have one, two, 
uw’ three retorts and are most commonly single-retort, so underfeed 
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Fia. 63. Longitudinal Section of Single-Retort Stoker. 
(Courtesy of Detroit Stoker Co.) 


slokers are often referred to as single-retort which are side-cleaning, or 
ulliple-retort which are end-cleaning stokers. ‘The underfeed stoker is 
\ho best type for eastern caking coals because its operation breaks up the 
taking fuel bed. 

‘he principle of the underfeed stoker is to introduce the fresh fuel 


tinder the fire so that it will be coked by the heat above and the volatile 
nutter driven off will be forced to pass through the incandescent fuel, thus 
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insuring ignition. In the simplest forms that is all the stoker does. 
the simple form ashes must be removed by hand from the top of the grate 
Coal may be introduced by a screw or by plungers which give superio 
results. The usual form consists of a main horizontal plunger whiel 
forces in the coal and secondary plungers, or pushers, in the bottom of the 
trough, or retort, which assist in carrying the fuel toward the back of th 
furnace. This is possible because of a vertical pushing face and a slopin 
back surface over which the coal slides on the return stroke. hi 
plunger may be operated by steam or hydraulic means or by a cran ’ 
A quick plunger motion assists in breaking up the fuel bed to permit mo 
complete contact with the air passing through the s coal. rs 


Fia. 64. Transverse Section of Single-Retort Underfeed Stoker. 
(Courtesy of Detroit Stoker Co.) 


Figure 63 shows a side view of a Detroit Unistoker indicating the re 
tive sizes of plunger and pushers. By setting stop pins as indicated, th 
length of stroke of either may be changed while the stoker is operatiny 
In a later design, automatic adjustment is provided, as well as overef 
air ducts in the front wall as shown in Fig. 65. This model is motor 
driven through gearing. A forced draft fan is direct-connected to 4 
motor. Air circulation and flow of coal over the sloping grate are mol 


COMBUSTION EQUIPMENT 191 


completely illustrated by Fig. 64 which is a cross-section of Fig. 63. The 
dimensions are taken from a setting for a 72-in. by 18-ft boiler as shown in 
Vig. 55 with a 5-ft 3-in. furnace width. It is 2 ft 3 in. from the centerline 
of retort to top of bridge wall and 3 ft further to bottom of the drum. 
‘The different parts are named in Fig. 65. This stoker is built in several 
sizes up to 8 ft 3 in. long and to 7 ft 6 in. wide. 
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Fia. 65. Arrangement of Single-Retort Stoker. 
(Courtesy of Detroit Stoker Co.) 


Some manufacturers now furnish moving grates which assist in carry- 
inw the fuel to the side and thereby greatly increase the capacity of the 
unit. This movement not only enlarges the grate surface but assists in 
lveaking up the fuel bed for the passage of air but without forcing ash 
\ip into the active fuel bed where it would be more likely to clinker. 
lis action at the side is similar to the action at the end of the multiple- 
yolort stoker as explained in connection with Fig. 67. 

lor large capacity, multiple-retort_stokers are necessary. As many 
yotorts similar to that shown in Fig. 64 as are needed are set parallel to 
each other. The maximum width of the stoker is determined by the 
width of the boiler. The length is determined to give the required grate 
aren, Only the tuyere blocks are used. In nearly every case, the retorts 
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are inclined from front to rear. As the fuel is pushed in and worked bae 
by the secondary pushers, gravity assists in carrying it to the rear of the 
furnace where the ash or clinker is discharged. 

Figures 66 and 67 are of the Link-Grate Stoker, manufactured by the 
Westinghouse Electric Corporation, such as are installed in the plan’ 


shown in Fig. 100. 





Side wall Over-fire = T Casting Main. ram____ _Connecting 
extension air: supporting od 
_-™ tuyeres 





link grate section 


Link grate 
drive shaft 


Fia. 66. Arrangement of Multiple-Retort Stoker with Link-Grate Section. 


Figure 66 shows the general arrangement of the entire stoker and 
clinker grinder while Fig. 67 shows the link-grate mechanism. ‘T’ 
great length of stokers requires some form of overfeed mechanism 
propel the fuel to the end of the grate. This mechanism does so without 
forcing clinker up into the active fuel bed. The rocking crank is cause 
to move through an arc whose magnitude may be varied by the operator, 
This produces an up-and-down movement of the high and low ends of thw 
overfeed section. 

Air admitted through the front and rear walls of the grinder pit cone 
pletes the combustion of carbon in the refuse. The grinder rolls break up 
the clinker and discharge it below. Sometimes the rolls are submerget 
in water. Doing so protects the rolls from excessive heat and provides 
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very effective seal against the entrance of too much air through the pit. 
Adjustable dump plates similar to those shown in Fig. 65 may replace the 
vlinker grinder pit and rolls to allow 
continuous ash discharge. They 
‘ive more economical and are widely 
sed except in the largest sizes or 
where clinker is sized for hydraulic 
discharge. 

The curves of Fig. 68 indicate 
(he performance of an installation 
of link-grate stokers under some 
2580-hp boilers at the Hudson 
Avenue Station of Brooklyn Edison 
(o. In particular it should be 
noted that the combustible loss is 
joported as a percentage of the coal rather than refuse and that the car- 
hon dioxide was measured before air infiltration could seriously dilute the 


flue gas. However, a modern setting should be quite tight. 
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Fia. 67. Mechanism of Link-Grate Section. 
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Comparison will show that_underfeed_stokers require a little mor 
power to operate and much more power for forced draft, but that the: 
are more flexible and subject to control by the operator than are travelin 
grate stokers. 

161. Stoker Firing Rates.—The “Rate of Combustion” and “Eff 
ciency”’ curves in Fig. 68 clearly show a relation between these two factors. 
With excessive burning rates on any stoker there is difficulty with fallin 
efficiency, increased furnace maintenance, and increased danger of slag 
ging boiler tubes. 

Firing of 40 to 45 Ib per sq ft per hr seems to be a good firing rate fe 
traveling grate and multiple-retort stokers. For short periods high 
rates at lowered efficiency are possible. A satisfactory continuous rat 
for single-retort stokers is 25 to 35 lb per sq ft per hr depending upon th 
quality of the coal and size of stoker. 

For spreader stokers a thin fuel bed is desirable and rates from 35 
45 lb per sq ft per hr seem satisfactory for continuous operation. 
rates can be used but carbon loss in the stack is greater. 
of stoker some form of cinder recovery is most desirable as well as 
effective use of overfire air. Best results are obtained with 2” sizing ¢ 
about 30% screenings. As would be expected the worst cinder com 
ditions develop with slack, all of which passes through a 2” screen. 

162. Reasons for Pulverizing Coal.—The pulverized coal burner ¢ 
effectively handle a wider variety of coals than can a stoker, excepting th 
spreader stoker. In addition to handling a wide variety of pulveriz 
coals, the furnace can use oil or gas. Sometimes the same burner i 
arranged to burn the three fuels as shown in Fig. 80. 

The stand-by losses of the pulverized coal plant are less, the fire 
more easily controlled (except for the lowest outputs), ash disposal 
easier, and response to change in steam demand is quicker than wit 
stokers. 

The absence of moving parts in the furnace is an advantage. Ni 
maintenance costs on stoker and pulverizer equipment are about 
same. 

The use of pulverized coal in marine work is feasible but its use is ne 
warranted because of the nuisance of fly ash resulting from the high ra 
of heat release required in marine power plants and because of t 
competitive position of fuel oil in relation to cost, handling ease, a 
general availability. 

Pulverized coal is first mentioned in connection with metallurgi 
processes in 1824. It was used successfully for burning cement in 189 
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und much of pulverized coal progress has been connected with cement 
manufacture. Pulverized coal was first used under boilers in a cement 
plant in South Africa in 1907. In the same year an experimental instal- 
lation was operated at Fullerton, Pa. 

163. Pulverized Coal Principles.—The object in burning pulverized 
woal is to introduce the coal and air to the furnace in such a thorough 
mixture and with such relatively high surface area for the volume of each 
fuel particle that combustion will be complete while in suspension. This 
permits the firing of solid fuel in a manner approximating that of liquid 
und gaseous fuels. Pulverizers, burners and furnaces must be coordinated 
(0 meet the five requirements of (1) proper proportions of fuel and air, 
(2) sufficient mixing, (3) sufficient surface exposure, (4) sufficient tem- 
perature, and (5) sufficient time. Proper preparation is essential for 
successful operation. 

164. Preparation.—Coal is pulverized in mills and usually is fired 
ilirectly from the mills although in earlier plants, or in additions to such 
plants, the coal is stored in bins after pulverizing. While being pul- 
yorized, the coal is dried by using preheated air or hot inert gas from the 
wlling to carry the powdered coal out of the mill. 

Grindability and surface moisture affect mill capacity and mill power; 
(he harder the coal and the higher its ash content, the lower the capacity 
und the greater the power required to grind it. The same holds true for 
l\igher surface moisture. Increased temperature increases grindability. 

High-volatile coals are generally harder to pulverize, but, on the 
other hand, they do not require as fine pulverization as low-volatile coals. 
With high-volatile midwestern coals, such as Illinois, it is usual to specify 
(0 or 65 per cent through a 200-mesh screen, whereas low-volatile eastern 
“ouls require 80 per cent or higher through a 200-mesh screen if good re- 
wills are to be attained. Anthracite requires a still higher degree of 
jiilverization. It is important in all cases that less than 1 per cent be 
reluined on a 50-mesh screen. Fine pulverization promotes good com- 
liwtion, more rapid flame propagation and tends to lessen carryover. 
Turbulence is most important in effecting proper mixing of the air and 
foul, 

With low-moisture coals a temperature of 250° to 300° F usually 
wiflices for drying and with high-moisture coals at least 500° F is de- 
sirable. Lignite requires even higher temperature. 

Moisture delays ignition as does also low volatile content, and the 
latter requires a much richer mixture particularly at light loads. The 
liigher the volatile the more stable the flame. 
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The amount, character and fusion temperature of the ash are con 
trolling factors in the slagging of furnaces and other heat absorbi 
surfaces of a boiler. Obviously, slagging increases with load. When 
unit has been run for a number of hours at heavy load with high-ash coal, 
slag tends to build up on the furnace walls and superheat tends to increase. 
If this is followed by a period of light-load operation, much of this sl 
will fall off; more heat will be absorbed by the furnace walls and less b 
the superheater. Hence the superheat will drop. 

165. Means of Pulverizing.—Pulverization may be due (1) to impa 
between the coal particles and some other body or between different p 
ticles of coal, or (2) to attrition, that is, rubbing of a particle between tw 
other bodies. There are three general classes of pulverizing mills: t 
tube mill, impact mill, and roller mill. 

The tube mill, so called because it is commonly cylindrical, consis 
of a slowly rotating cylindrical or conical drum about half filled with rods 





Fia. 69. Section of Hardinge Tube Mill. 


(Courtesy of Foster Wheeler Corp.) 


or balls, for which reason it may be called a rod mill or ball mill. ¥ 
coal, only balls of approximately 3-in., 2-in. and 1 in. diameter are us 
The rotation of the drum continuously lifts balls and fuel up on one si 
until they cascade over the material beneath to the bottom with result 
impact and attrition between fuel particles and balls. Fig. 69 shows 
section of a tube mill to which a regulated supply of fuel is admitted 
the left. The conical arrangement tends to hold large balls at the f 
end where the fuel is larger. Air enters through the right trunnion 


















spood hammers, 
lwmmers, and casing, with resulting attrition. 
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high velocity and sweeps back over the charge of fuel and balls becoming 
laden with fine powder. The coal-laden air is drawn through a central 
pipe to the plate type fan which propels it to the bins by way of a cyclone 
separator in the bin system or directly to the burners in the direct-fired 
system. Control of fineness is obtained by using a by-pass damper to 
vary the amount of air passed through the grinding chamber. More air 
jeans coarser coal. No internal or external classifiers are used. 








Fia. 70. Unipulvo System of Strong-Scott Mfg. Co. 


The impact mill is often called a hammer mill because it is essentially 
4 series of bars having one end pivoted on a spider revolving at a speed 
liiwh enough to cause the bars to assume a radial position due to centri- 
fiul foree. At one side of the enclosure the clearance is usually small 
wo (hat the fuel passing through the constriction is pounded by the high- 
This causes particles to wear against themselves, the 
Wear of the parts usually 
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results in decreasing fineness of product. Fig. 70 shows the details 
operation of a simple pulverizer of this type. The constriction is pr 
duced by the bed of fuel itself so that wear in this respect is unimportan 
Flow of coal and air is clearly shown. The coal-laden air passes throu 
the inlet drum and impeller into the trap cone where its velocity is redu 
and large particles are dropped out due to decreasing velocity and ce 
trifugal action occasioned by the sharp changes in direction. All air f 
combustion is drawn through the pulverizer except at low loads, wh 
some is by-passed direct to the fan. 





Fic. 71. C-E Raymond Bow! Mill. 


(Courtesy of Combustion Engineering Co.) 


Figures 71 and 72 show mills typical of the third, or roller, class 
In each, coal is fed to the mill by an independently-driven feeder, an 
the primary air fan is on an extension of the motor shaft. Pulveriz 
coal is picked up by the rising stream of air and is carried to the burne 
by this air. The mill in Fig. 71 uses an exhauster and is under less th 
atmospheric pressure. That in Fig. 72 is preferred as a pressure mill, 
shown here, but it may be used with an exhauster. 

The Raymond bow] mill drops coal into a bowl rotating at 100 rpm 
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« vertical axis with rollers held tangent to, but not in Pe eas 
slightly inclined sides of the bowl. As the size of the coa : re se 4 “d 
rises to the edge of the bowl where it is caught in the air stream wae 
warried through the separator to the burners. Large particles Hatem ia 
(he separator are returned to the bowl for further reduction. ee 
soming between bowl and roller, compresses the external ire . 3 “ 

ily passage. Speed is constant and output 1s controlled by the feeder. 


- Coal + Air toA Burner Coal + Air = 4 Burner : 









Closure Valve for 


I to 
One Burner Pipe Coa 


Primary Air Fan 







Rotating 
Grinding 
Ring 
Balls 


Stationary Grinding Ring 


Fic. 72. Babcock & Wilcox Type B Pulverizer. 


‘The Babeock & Wilcox Type B Pulverizer drops coal onto the ipa 
ary grinding ring to a greater or less depth, according ie eed . 
liiwh capacity, the upper oa sears in ban of Actual coal outp 

elermine he controlled flow of pri : 
1 The pear a i insulated so that highly preheated air may uedieins oa 
will drying. These mills have been operated with live coals ra : : ee : 
nw zone. It is possible to do hare only about 35 cu ft o 
ir are requi er pound of fuel. 

qprehon nti peers and roller mills may be Sere ee 
iwh and intermediate, respectively, in speed. Likewise, 4 i 
therefore, large, small and intermediate in size. Tube mills ay ex — : 
reliable but require relatively more power. Their noise may be reduce 
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‘The transport or primary air circulated through the mill carries the 
woul to the burners in the direct-fired system. With a bin system this 
ir is vented to the atmosphere to dispose of the moisture. Later, feeders 
ineasure the pulverized coal from the bins. 

166. Pulverized Coal Burners.—Pulverized coal presents a maximum 
of surface for combustion. It must be burned in suspension so each 
jurticle must enter the furnace with sufficient velocity to support it 
until combustion is completed and with sufficient velocity relative to the 
‘lr to remove its envelope of carbon dioxide and present fresh oxygen 
for complete combustion. To accomplish this objective there are several 
{ypes of burner arrangements. The flame may be presented (1) as a 
flat. vertical sheet directed across the furnace or diagonally from the 
worners, (2) as a horizontal turbulent mass, (3) as a flat sheet directed 
downward to provide a very long travel (down and up) often used with 
very low-volatile coals whose rate of flame propagation is poor, and (4) 
i# « horizontal flat sheet, often in opposed pairs across the furnace. 
‘l'ypical burners for each arrangement will be illustrated. 

ligure 73 shows a tangential burner arranged for firing tangent to an 
imaginary circle. One of these burners is installed in each corner of the 
f\irnace to cause turbulence. Coal carried by the primary air from the 


by lagging. Fineness of product from impact mills decreases as the pa 
wear. The power requirement of roller mills has been materially 
duced in recent years, and their availability has been increased. 
Resistance through air preheater, mill, burner lines and burners is t 
much for only the forced draft fan. Therefore, a primary air fan 


~ Primary Air and Coal 





Secondary Air Inlet 
Lighter and Inspection me \ \Y \ \lYyjf Aa 
Primary Air & 
Coal Inlet 
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Fie. 74. Circular Burner. 
(Courtesy of Babcock & Wilcox Co.) 


es 








Fic. 73. Plan and Elevation of Tangential Burner. 
(Courtesy of Combustion Eng. Corp.) 






alwaysused. Smaller volume of air, cooled by evaporation of moisturé 
the coal, permits an exhauster to be smaller than the fan for a press 
mill. With a pressure mill, the fan is larger, but not subject to erosl 
from the coal. A pressure mill is more convenient also for controll 
coal and air flow to more than one burner. It must be tightly sealed 
prevent escape of air and coal dust. 


ill may mix with the secondary air as it enters the furnace. Secondary 
‘lv in admitted above and below the primary air inlets. Air proportions 
are adjusted for optimum combustion. Dampers may be seen at the left. 

A circular burner is shown in Fig. 74. Coal and primary air enter 
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against the deflector which causes a rotary motion. 
vanes in the secondary air inlet, serving as dampers, aid in the mixing 


coal and air. Extreme turbulence results 


This burner is suitable for installation in refractory settings only. 


Burner Elbow 


Primary Air and 


Coal Inlet 
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»“ Arch Tubes 





Wall Constuction ‘ Partially 


Fic. 75. Inter-Tube Burner. 


An inter-tube burner is shown in Fig. 75. Coal and air are unifor 
divided to four nozzles somewhat like those of the tangential burn 
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= Sieani 
Controls 






Lighting 
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Fig. 76. Cross-Tube Burner. 
(Courtesy of Babcock & Wilcox Co.) 


must be properly matched for good performance in relation to the t; 
of coal to be used. This affects the choice of burner, shape of furn 


Bailey Stud-Tube { Fully Studded | Burner Nozzle 


The controllab 


and a short flame is obtain 





Studded 


(Courtesy of Babcock & Wilcox Co.) 


Secondary air joins this m 
ture as it enters the fur 
The burner shown is adap 
to vertical firing but it 
be arranged for horizon 
firing from vertical walls. 

A cross-tube burner 
shown in Fig. 76. It is ve 
similar to the inter-tu 
burner except that it gi 
essentially a horizontal ra 
than a vertical flame. Th 
burners are often placed 
opposite walls to further 
turbulence. 

167. Pulverized Coal 
naces.—Burner and fur 
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kind of furnace wall, and method of ash disposal. The furnace must be 
properly related to the boiler also, but in the modern boiler and furnace 
vombination, the furnace is the more important. The effect on boiler 
wnd furnace proportions of obtaining such a balanced design for different 


sources of coal is effectively shown 29" i 
O | kar o- 


in Fig. 76a. 

The simplest furnace is merely 

i box from which the ash is hoed f 
olf the floor at long intervals. This 
is suitable for high fusing tempera- o¢’o” 
(ure ash but, with low fusing ash 756. 
jesults in an accumulation of hard 
(linker. Circular burners work well 
in this type of furnace. 

Where ash is to be removed con- 
linuously in solid form a water- 
wooled hopper bottom as shown in 
ig. 76a may be used to chill the 
lower portion of the furnace causing 
the ash to slide down the sloping 
sides to an ash hopper. A similar chilling of the ash is obtained by 
iioans of a water screen, shown in Fig. 95. Such furnaces are often 
jeferred to as dry bottom furnaces. 

With the ash removal methods discussed, as low as 15 per cent of ash 
iimy be collected. A portion adheres to the boiler heating surfaces but 
owl of it is discharged from the stack as fly ash. This ash carries a 
vonsiderable proportion of unburned carbon. ‘To prevent the discharge 
of fly ash is a major problem of stoker as well as pulverized coal fired 
jlants. The removal of pulverized coal ash as molten slag permits the 
jneovery of as high as 50 per cent of the ash and results in less carbon loss 
i the ash not recovered. A slag tap furnace is shown in Fig. 76a. 
Mich furnaces are often referred to as wet bottom furnaces. The fly 
wh recovered at the stack, ordinarily hard to dispose of, is easily handled 
when discharged into the slag tap furnace, where it is melted. The cross 
{ube burner in vertical walls or in fairly low arches works well in the slag 
lap furnace because of the great amount of heat directed against the 
furnace floor. 

‘The development of the slag tap furnace has been a real engineering 
‘womplishment because of the variable amounts of expansion in different 
jwrls of the furnace. Slag may be tapped intermittently, or continuously 


Fia. 76a. Outline of Two Boilers of 
Equal Width and Capacity, A—burning 
Illinois Coal in Dry Bottom Furnace, B— 
burning West Virginia Coal in Slag Tap 
Furnace. 

(Courtesy of Stone & Webster Eng. Corp.) 
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by a slight change in floor arrangement. 
continuous slag drip. 

168. Oil Burners.—For burning oil it is necessary to secure a larg) 
surface exposed to the air as in the case of pulverized coal. This is ob 
tained in either a steam or mechani¢ 
atomizer. In the steam atomizer 
shown in Fig. 77, jets of oil und 
pressure meet spinning jets of steam 
under pressure in the mixing chambe 
A mist of oil and steam is discharg 
to the furnace. Air or gas und 
pressure are sometimes used instea 
of steam. Steam consumption is ay 
to be high. 

Figure 78 shows the principle of a successful mechanical atomiz 
Oil under pressure tangentially enters a chamber from which it eseap 
through a small orifice. Thus it is broken mechanically into a m 
) Oil is supplied under constant pressure but the 
amount discharged is controlled by the amount 
permitted to return. This system insures con- 
stant circulation of the oil and uniform atomizing 
pressure. It keeps the tip cool at low loads and 
prevents clogging when handling waste material 
from oil refineries. Such materials may contain 
particles of carbon and as high as 50 per cent dilute 
sulphuric acid. The construction of the actual 
atomizer is shown in Fig. 79. 

Air for combustion in either method of atom- 
ization is supplied in a manner similar to that in 
the circular coal burner shown in Fig. 74. 

169. Gas Burners.—Gas fuel may range from 
cracking still gas with a heat content over 2000 
Btu down to blast furnace gas of only 100 Btu 
per cu ft. Gas is more easily mixed with air than is coal or oil. 
method is to direct a large number of jets of gas into a stream of air # 
as emerges from the circular type of coal burner. 

170. Combined Burners.—Burners arranged to handle any combit 
tion of pulverized coal, oil or gas are frequently installed. Such a burt 
is shown in Fig. 80. It is essentially an oil burner with a longer jp 
mounted before a coal burner which in turn is mounted behind a 


There is a tendency toward 


14 Steam Orifices 


8 Tangential ¥ 
Slots 5 Oil Orifices 









Fie. 77. Steam-Atomizing Oil Burner 
ai: 
(Courtesy of Peabody Eng. Corp.) 


“TANGENTIAL SLOT 
Fic. 78. Principle 
Mechanical Atomizi 
(Courtesy of Peabody ing, © 
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lurner. Air from the windbox is admitted to the central chamber through 
idjustable curved blades which produce a rotation of the stream of air 
milering the furnace. Changes 
from one fuel to another are easily 
iiude and more than one may be 
hurned at a time. Furnaces for 
wus and oil are like the simple pul- 
verized coal furnace except that 
lows time is required for combus- 
lion to be complete and so furnace 
volume may be less. Some ash 
\» deposited from oil. This is especially true when burning refinery 
Wiastes. ; 


WLLL 





Fra. 79. Mechanical-Atomizing Oil Burner 
Tip. 
(Courtesy of Peabody Eng. Corp.) 








Coal Supply Tangential Inlet 
with Carrier to Volute Shaped 
Air Coal Chamber 


Handwheel for 


Controlling as Issues through 

Air Doors Drilled Holes 
Oil Burner Tip 
Diffuser 


Coal Issues through 
Annular Opening 


Fic. 80. Three-Fuel Burner. 
(Courtesy of Peabody Eng. Corp.) 


171. Solid Waste Fuels.—The use of waste material as fuel is possible 
with improved furnaces and firing methods. Wood, such as sawdust and 
shuvings, may be burned largely in suspension. Large pieces of waste 
are sometimes reduced to this condition in a hog. A knife hog is a disk 


| 
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carrying a large number of blades which slice off the large pieces of woo 
A hammer hog is similar toa hammer mill for coal. A mixture of fine ar 
coarse wood is readily burned on an overfeed stoker in a furnace similar 
that shown in Fig. 57, which was designed for burning yucca stalks wi 
70 per cent moisture. Wood may carry 50 per cent moisture. 
means a heavy fuel requiring a thin fuel bed. 
Bagasse is another waste fuel containing much moisture. It is ligh 
and fluffy, requiring a thicker fuel bed. 
The essential in furnaces for wet waste fuel is to reflect a maximum 
heat upon the fuel bed and prevent chilling of the furnace during inter 
tions in firing. 
172. Furnace Construction.—The early firebrick furnaces usual 
were small, subjected to reasonable firing rates and appreciable coolij 
by excess air. Increase in size, firing rates, and efficiency has necess 
tated improvements in furnaces. Special refractories, such as “Cs 
fax,” silicon carbide, made by the Carborundum Co., are an improvem@ 
in many cases. Air cooling of the refractory face by the circulation of 
behind it helps. At the fuel line, which is the place where the fuel slid 
against the furnace sidewall, cast iron water boxes, through which wat 
circulates, are especially helpful in chain-grate stokers where the fi 
breaks down the wall or causes clinker to adhere to the wall. 
Some trouble is encountered in stoker settings due to the refracte 
melting away. This action is more pronounced with pulverized co 
The refractory alone can withstand high temperature except that 
combines with ash to form a compound of lower fusing temperatur 


expense. Water-cooling of the bridge wall only, with stokers, is fre- 
ijuently done. 

Water-cooled walls are of various designs, sometimes being plain tubes 
tlose together, or tubes somewhat separated with a pair of longitudinal 
lins extending radially to fill the space between tubes. Various designs 
i! blocks may be clamped to the tubes or short pins welded to tubes may 
he covered with plastic refractory. 





Fic. 81. Slag above Air-Cooled Sidewalls. 
(Courtesy of Bernitz Furnace Appliance Co.) 


In the block construction of Fig. 82a, special clamps hold the blocks 


The impingement of the flame and particles of ash causes erosion of ¢ to the tubes by alloy steel studs and spring washers which maintain block 
walls, which is very serious. In operation with some coals there ig jvessure in spite of expansion due to temperature changes. To insure 
continual How af slag dinentha tienede walls: food heat transfer from block to tube, a heat-conducting bond is used. 
The circulation of air through passages in the furnace brickwork coo Tho cast iron blocks may be smooth, or carry a refractory insert. The 
the furnace face sufficiently for moderate rates of heat release. The h Hnooth blocks are especially adapted to use in furnace floors. 
picked up by the air is returned to the furnace by using the air for con 173. Furnace Heat Absorption.—Heat absorption by water-cooled 
bustion. Fig. 81 shows the beneficial effect with a multiple retort stok firnace walls varies directly with the rate of firing (load) and inversely 
of using air-cooled silicon carbide refractory. Clinker and slag do p with the thickness of ash deposit on the exterior of the walls or scale 


(leposits on the inner surfaces. It also varies widely with the fuel, the 
iolhod of firing, furnace proportions, and, in the case of pulverized coal, 
with the type of furnace bottom (slagging or dry). Moreover, the ab- 
sorption per unit of area varies in different parts of the furnace and an 
Average is difficult to determine. 

leat absorption with oil or gas is higher for the same type of firing 
‘hun with coal because of the clean furnace walls. 


adhere to the refractory itself as much as to firebrick and the adhesié 
is reduced by cooling. An accumulation of several inches of slag ab 
the cooled portion may be seen. Silicon carbide is not satisfactory y 
fuels high in iron content. 
The success of water boxes on stoker settings led to the adoption 
water-cooling of greater areas until now it is common to water-cool 
entire furnace where the use of a high rate of heat release can justify 
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rom 50 to 55 per cent of heat generated is absorbed by the furnace 
in large units when the walls are relatively clean. 

The rate of heat absorption varies throughout the furnace as does the 
tule of heat liberation. Test results have been reported showing absorp- 
lion rates varying from 20,000 to 140,000 Btu per sq ft per hr of pro- 
jocled surface from near the top to near the bottom of a slagging-bottom 
l\irnace where 95 per cent of the heat was liberated in the first 10-ft 
wight of furnace. Projected surface means the length by breadth area, 
of « furnace wall excluding additional actual surface due to tube circum- 
fovence or projections. 

In marine boilers, which are oil fired and have relatively smaller 
l\irnaces, the heat absorption by the furnace walls is likely to be higher. 
Ii the radiant section, exposed to the fire, it will average from 50,000 to 
(5,000 Btu per sq ft for merchant practice and 150,000 to 200,000 Btu in 
val practice. This rate does not apply to the whole heating surface of 
the unit, but to the surface exposed to the fire. 

The unit heat absorption with stoker firing is generally taken as 70 
80 per cent of that with pulverized coal for a given heat release rate, 
ilthough it must be remembered that the release rate is somewhat 
Nigher with stokers than with pulverized coal. 





174. Problems. 


Porcentage of moisture in air and coal is always by weight. In analyses, percentage 
‘wh is designated by A and percentage of moisture is designated by W. 





SECTION-AA 








(1) Heat Balance from Flue Gas and Coal Analyses. 





1 

lr} | Ullimate Analysis of Coal as Fired Dry Flue Gas, Volumes Dry Refuse 

{ eo H ON Sea ay CO: CO Oz, No Cr A 
-m 8 2. de oetige 15.0 0 4.5 80.5 24 76 
\ir is at 60° F and has 0.6% water. Flue gas leaves at 700° F. 

Hil: (a) Ib dry air per Ib coal fired; (6) Ib dry flue gas per lb coal fired; (c) grate effi- 
ciency ; (d) loss due to carbon in refuse; (e) energy lost in dry flue gas; (f) energy 
lost with moisture. 

» | liimate Analysis of Coal as Fired Dry Flue Gas, Volumes Dry Refuse 

oa - HoH © NSS a ow CO; CO Oz Ne C A 
B mm 8. 7 ee ao 97 03 9.6 80.4 25 75 


\ir is 60° F with 1.2% water. Flue gas leaves at 800° F. ’ , 
(4) Construct heat balance. (6) Find temperature of combustion with no excess air. 


vy) 








PLASTIC REFRACTORY 

ps4 pig / : RTE IY 1 Uliimate Analysis of Coal as Fired Dry Flue Gas, Volumes Dry Refuse 

CASING //_@r ee @- oS FH OLN Ss) AW CO2 CO O2 Ne Cas 
. 5 iy 

ras auaaned| Nw os M5 16 1 1 4 9 78 02 12.0 80.0 33 67 


PLASTIC REFRACTORY 
(b) Stud-tube Construction. 


Fra. 82. Bailey Wall Details. 
(Courtesy of Babcock & Wilcox Co.) 


\ir in at 60° F with 1.3% water. Flue gas is at 750° F. f 
(4) Construct heat balance. (6) Find percentage of excess air. 
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4. Ultimate Analysis of Coal as Fired Dry Flue Gas, Volumes Dry Air enters at 80° F, has 2% W and is in 60% excess. Coal has 3% W as fired. Flue 
wis leaves at 600° F. 
Gre Ht OeNe Sir An’ Wy CO: CO O2 Ne Cc Vind: (a) heat balance; (b) Ib dry air per 10,000 Btu in coal. 
Bt she 1 B= ed ob a 124 0 7.2 80.4 55 


|%, Ultimate Analysis of Dry Coal 
Cc ENO) FINE LS A Btu 
37 «6.5 45 tf 'O5u) 4G 6,000 
Air enters at, 70°F, has 1% W and is in 50% excess. Coal fired has 30% W. Flue 





Air is at 60° F with 1% water. Flue gas is at 700° F. 
Find: (a) maximum temperature with no excess air; (b) percentage excess air; (c) 
distribution, that is, heat balance. 





5. Ultimate Analysis of Coal as Fired Dry Flue Gas, Volumes Dry wun leaves at 600° F. 
| CH HOA EN Mes" SA hy CO2 CO O2 Ne Cc Vind: (a) heat balance; (6) Ib dry air per 10,000 Btu in coal. 
BS~ 8b? CLA) 2a deer 42 9.3 0 10.3 80.4 20 ‘ r 
Air is at 70° F with 0.9% water. Flue gas leaves at 700° F. |, Ultimate Analysis of Dry Coal 
Find: (a) heat distribution; (6) maximum temperature with no excess air. EON a oe Btu 
; ' TIMES ULON (2250.5 bay isaeo 
6. Ultimate Analysis of Coal as Fired Dry Flue Gas, Volumes Dry y 10 lb air at 60° F and with 1.5% W is used per Ib dry coal. Coal fired has 8% W. 
re; 13i oO N Ss A WwW COs co Os Ne Cc ‘Ino gas leaves at 750 F, i ; 
4G. fie, ue 81 2 af 13.2 02 59 807 25 lind (a) maximum temperature with no excess air; (b) heat balance. 
Air is at 60° F and has 0.8% water. Flue gas leaves at 700° F. !1, Ultimate Analysis of Dry Coal 
Find: (a) ibe. percentages of C, O, N in dry flue gas; (b) percentage excess air; (c) ia ys na “ oO oN 8 ‘« Btu 
/ balance. W441 384 14.1 126 13,818 
7. Ultimate Analysis of Coal as Fired Dry Flue Gas, Volumes Dry ¥1 10.5 a air at vag F and with 2% W is used per Ib dry coal. Coal as fired has 3% W. 
C HONS AW CO: CO 0: Ns c a a) eee eee oe 
ani eciye safer 6 6 4a Ste 50 \1; (@) maximum temperature with no excess air; (b) heat balance. 
Air is at 70° F and has 1.4% water. Flue gas leaves at 650° F. (\nswer Outline, Problems 1-14. : 
Construct heat balance. lhis does not answer every question, but does give enough important quantities to 
. q 
riieck the general method of a solution. 
8. Ultimate Analysis of Coal as Fired Dry Flue Gas, Volumes Dry 
CHONS AW CO. CO 02 Ne C Prosiems 1-8. Coan, Gas anp Reruse ANALYSES GIVEN 
DG in Bre Uh How 2. 1440 7.5 0 12.4 80.1 33 i Pound i, in Per 
Air is at 60° F and has 1.1% water. Flue gas leaves at 800° F. Hroblem Calorific Pounds var Bead eat aller Incomplete 
Find: (a) temperature of combustion with no excess air; (b) heat balance. : Value in | per Pound Toe ete S See ombuation: 
: 


he r 
pember)  Btu/lb Air/Coal ve Gas/ Dry Gas | Moisture | Radiation 





(b) Heat Balance and Flue Gas Analysis from Fuel Analysis and Air Used. 











} 9. Ultimate Analysis of Dry Coal ; bebe ie ie an 6.8 5.8 
rY B : x i d 24. 5.3 4.3 
A 4 : e : 4 a 8 11,240 19.07 19.20 25.9 7.3 3.4 
Lh , 1 15,000 15.65 15.9 18.1 4.5 5.9 
Air enters at 70° F, has 1% W and is in 50% excess. Coal fired has4% W. Flue h 10,520 14.90 15.1 22.2 rer é 2.8 
leaves at 700° F. : 6 13,800 13.63 14.0 15.9 3.9 4.8 
Find: (a) volumetric analysis dry flue gas; (b) percentage loss due to W in coal and 7 12,060 20.6 20.4 23.9 6.5 7.3 
(c) pounds moist air required per 10,000 Btu in coal. D K 9,400 16.6 16.8 32.3 7.6 7.8 
10. Ultimate analysis % Dry - po) the " ‘ a Prossinan 9-14. Fournt ANAtysis anp AmMountT or AIR osha 
65 6.5. 19 91 Sb GO 0 14,100 15.7 | : 

Air enters at 60° F, has 1.5% W and is in 50% excess. Coal fired has 5% W, 10) 11,500 12.9 133 180 6 ee 
gas at 700° F. ) ; 11 14,200 17.1 10.7 15.8 4.6 zero 
Find: (a) dry flue gas analysis by volume; (b) heat balance; (c) lb air required per 1 12 6,000 6.9 7.2 15.7 22.4 zero 
hy apes i 13,860 10.0 10.3 12.6 5.6 zero 
ld 13,810 10.5 11.0 12.3 4.4 zero 


11. Ultimate Analysis of Dry Coal 
C 1s pe ee eg A Btu 
Sli 46) & 2 1 7.5 14,200 


eS 








CHAPTER XI 
THE STEAM BOILER 


‘S175. General Character—The steam boiler is a heat exchan 
Its function is to exchange heat from burned fuel to water for its conv 
sion to steam under pressure. For this function it needs to be adequate 


strength, economical in first cost, easily maintained, easily operated 
efficient in performance. 

Any boiler represents a compromise in some or all of the above fiv 
considerations. Improvements to obtain higher efficiency require i 
creased strength because higher pressures and temperatures are the k 
to higher overall plant efficiency. 'These'more exacting strength requi 
ments increase first cost. Efficient heat transfer calls for clean surf: 
on both sides of the heat exchanger. To keep surfaces clean me 
greater problems of maintenance and operation. The final criterion 


judging the boiler as a heat exchanger is dollar efficienc 
that increased first cost or operating cost can be justified by improv 


efficiency as a heat exchanger to the “point where further increase 


efficiency represents an increased cost for steam. Hence, the high 
thermodynamic efficiency attainable is not always practicable beeca 


increased costs of operation exceed the saving from increased efficien 

176. Early Design.—Farliest boilers were spherical or cylindri 
vessels placed over a fire and close to the grate. This arrangement 
not good as pointed out in the preceding chapter because it did not gi 
adequate combustion space. It also was poor for steam generation 
cause only a small boiler surface was exposed to radiant heat of the 
and a relatively small surface was exposed to hot gases which might 
might not be able to give off radiant heat. 

To obtain greater heat exchange surface, tubes were run from end 
end of the boiler drum. Thus the horizontal return tubular boiler 
Fig. 55 came into being. The tubes are variously referred to as flues 
fire tubes. This design continues to be of great importance for | 
pressure (up to 150 psi) moderate-capacity (up to 10,000 Ib per h 
service. 

177. Internal Furnace Fire-Tube Boiler.—Another means for sect 
greater heat exchange surface was the use of a large flue known as @ 
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nace flue. Fig. 83 is a vertical longitudinal section of a boiler, known as 


(the Scotch boiler, much used in connection with marine power plants ¢ and 
«mall industrial applications. The grate and furnace are placed in two 
large internal furnace flues of the boiler. ‘These flues are corrugated as 
shown for increased strength against external pressure. Because the 
worrugation makes the flue much more flexible longitudinally, the boiler 
\\ protected frem temperature stresses due to the variation of the tempera- 
lure of the furnace flue compared to that of the shell with which it is quite 
rigidly connected through the heads. 




















SECTION-AA 
Fic. 83. Scotch Boiler. 


\\irn through the boiler tubes as shown above the flue. The gases leave 
(ho front end of the boiler as in the return tubular type. Above the tubes, 
longitudinal stay rods connecting the two heads are provided. 


lSecause the boiler and furnace are self-contained, no setting except 


‘The flame passes through the furnace flue and the hot flue gases re- 


“ipports is needed. Radiation losses and loss from infiltration of air 
ive veduced to a minimum. For stationary use the rear flue sheet is 
frequently made the end of the boiler and a brick setting completes the 


‘uimbustion chamber. From one to four furnaces may be provided. 


178. Locomotive Boilers.—Locomotive boilers are another design 
/ internal furnace boiler. The relatively thin wall of water around most 
if the furnace is called a water-leg. Fig. 84 shows the essential details 


i « locomotive boiler as used in a Pacific type passenger engine of the 
N10 class of the Central Railroad of New Jersey. Any water-leg boiler 


hw clifficulty in securing good circulation in parts of the leg. The loco- 





olive boiler has the further difficulty of carrying very little water over 
{he crown sheet, as indicated in Fig. 84, so that sometimes it is dry. The 
#reh tubes help to meet both difficulties by aiding circulation in the back. 
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The thermic syphons not only keep the crown sheet flooded with wat 
but_also greatly increase the general circulation of the entire body ¢ 
water. All of the flat sheets in the fire-box, including the crown sheet 
and syphons, must be stayed. The front tube sheet outside the tube 
also requires staying. 

The superheater flues are fire flues made large enough to hold a supel 


heater element of 1}-in. tubing like that shown in Fig. 106. 












































SECTION AA 


Fia. 84. Pacific Locomotive Boiler. 


This type of locomotive has a tractive effort of 52,180 pounds an 
will make 80 mph with 74-in. drivers, designed for mountain servi¢ 
The cylinders are 26 X 28. Maximum horsepower is 2930. Steam p 
sure is 240 psi. There are 3190 sq ft of heating surface in the tub 
401 sq ft in the fire-box, syphons and combustion chamber, and 1000 
ft in the superheater, making a total heating surface of 4591 sq 
Grate area is 84 sq ft. Combustion rate is 121 lb per sq ft per } 
Maximum rate of evaporation is 55,000 lb per hr. More water is ey 
orated per sq ft of both grate and heating surface in the locomotive bol 
than in any other commercial boiler. 

179. Evolution.—There were two important stimuli for improvem 
in early boilers. One was for more heating surface to improve efficier 
of the heat exchanger. The other was a desire for greater safety. 

Lack of modern inspection procedures, safety devices and opera 
practices resulted in many boiler explosions. Such explosions usual 
were violent and highly destructive, as they are today when the fire-tu 
type of boiler fails. This destructiveness results from the large amo 
of steam which flashes into being because the internal energy of the hig 
pressure boiling water is greater than that of the same liquid at atme 
pheric pressure. The difference in liquid energies goes into evapora 
of a little of the water with a tremendous increase in volume. 

Numerous designs of “safety” boilers were the result. Their obj 
tive was to reduce the amount of water that could be released instar 





#0" giving the cross-drum boiler of Fig. 87. 
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(0 atmospheric pressure. ‘This objective is most easily attained by in- 
version of the fire-tube boiler, putting water inside and fire outside the / 
lubes. The result is the water-tube boiler. This change made it possible / * 4 
\o reduce the size of the boiler drum and at the same time remove it from 
(lirect contact with the fire. It also eliminated the undesirable condition 

uf tubes subjected to external pressure. 


Connects to 
Breeching, 


Bridge 





Fig. 85. Arrangement of Longitudinal Drum Boiler. 
(Courtesy of Edge Moor Iron Co.) 


180. Boilers Classified.—Boilers are broadly classified as fire-tube 
ji water-tube. The latter fall into the two major groups of straight- 
ube and bent-tube boilers. It was natural for the first straight-tube 


Hwilors to have tubes and drums in the same general direction resulting in 
the designation, longitudinal-drum boiler. In an endeavor to increase 








tho urea of water surface for steam liberation, the drum has been turned 
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Sectional headers are made by using square steel boxes a little greater 
in inside dimension than the outside dimension of the tubes which are 
vommonly 34 in. or 4in. Such a small box can be made strong enough 


181. Longitudinal-Drum Boiler.—Figure 85 is an unusually inform 
tive erection picture showing a water-tube longitudinal-drum boile! 
At the upper part of the picture may be seen one of the two drums whiel 
extends from front to rear, connecting to the box headers at each en¢ 
The connecting bolts for both drums may be seen at the front. 

Above the bridge wall is the tube bank crossed by two baffles a 
connecting to the headers at either end. The forward baffle is complet 
but the rear one must be completed up to the drum. A steel angle mas 
be seen encircling the lower half of the drum and connected to the baflh 
by rods. The completed baffle will cover this steel work. ‘The ste 
angle running from the front of the drum to the encircling angle will } 
built into the sidewall to make a gas-tight passage. 

The space in front of the forwar 
baffle is called the first pass whi 
the space between bafHes is th 
second pass and between the re 
baffle and header is the third pass. 

In front of each tube is a han¢ 

hole with its fitting to close the h 
while the boiler is in use. Tubes 
installed through the handholes a 
all cleaning of tubes must be 
through them. Tubes are inelin 
to the horizontal to ensure a circu 
AN ee=| tion of the water and steam forwaf 
3 and upward in the front header ar 
etic is iui back through the drum to the 
header. 

Figure 86 shows an enlarged detail of the header connections. 
is known as a box header because it is made like a box from flat pla 
The front plate is held from blowing out in front of the drums by t 
forward bulge or dish and the heavy studs connected to the drum. 
all other points the front and rear plates are held together by staybol 
as shown. The one tube shown in section shows how the tubes 
belled at the ends when expanded in the tube seat. The Edge Moe 
































































































































fio. 87. Cross-Drum Boiler and Traveling-Grate Stoker Furnace for Midwestern 
Bituminous Coal. 


(Courtesy of Babcock & Wilcox Co.) 


header gives a maximum of steam liberating surface. The more commé Without the use of staybolts. To permit the tubes to be staggered the 
construction is to connect the header to only the bottom portion of 1 foxes are forged to a sinuous shape such that the projection of one box 
drum. One, two or three drums may be used according to the size of will fit the recess of the adjacent one. The small spaces left between 


boiler. seolions are packed with fire felt at erection. 





























































218 STEAM AND GAS ENGINEERING 
182. Cross-Drum Boiler.—The cross-drum boiler has proved ve 
satisfactory for modern boiler plants requiring high rates of evaporatio 
Its width may be increased by increasing the length of drum. Drum 
over 60 ft long have been forged for high-pressure boilers. Until pre 
sures became high, all drums we 
riveted. For a few years, large, hig 
pressure drums were forged. Howe 
the art of fusion welding has been su 
ficiently perfected to permit the use | 
this method of fabrication of boil 
drums under the procedure prescrib 
by the A.S.M.E. Boiler Constructit 
Code. Present drum thickness is 
ited by the penetrating ability of t 
x-ray equipment used in inspectid 
The weakest part of the drum is th 
where the tubes enter. This portion 
made thicker and with edges planed | 
the thickness of the plates not piere 
by tube holes. The use of high tens 
strength steel also has contributed 
the design of modern high-press 
boilers. 

Figure 87 shows a cross-drum bo 
set over a chain grate stoker with wat 
cooled arches and sidewalls. An int 
deck convection superheater is sho 
in the first pass.between the two bat 
or decks of generating tubes. Th 
a sectional header design but cross-d 
boilers also are made with box head: 

In large boilers it is customary to take steam tubes from the boll 
drum to the superheater saturated header every few feet along the drt 
so that the steam may be taken uniformly from the drum. Th 
illustrated in Fig. 87 and 94. A single steam outlet would result in sit 
high velocity as to carry water over with the steam. The cross-<drti 
boiler uses a large drum which gives a large steam-relieving surface, 

183. Bent-Tube Boiler.—In an effort to get greater sizes, more sl 
liberating surface, to avoid headers and handhole fittings which # 
source of leakage and expense, and to secure better circulation 
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Fic. 88. Double Ladd Boiler. 
(Courtesy of Combustion Eng. Corp.) 
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number of bent-tube boilers are made. ‘These consist of banks of tubes ye F 
hent at the ends to enter drums normal to the drum surface. 
three and four drums are used. 

Figure 88 shows a view of the complete fifth boiler of the Kips Bay 
Station of the New York Steam Corp. The boiler proper consists of two 
nits of two drums and three tube banks. One unit is shown in section. 
I'lue gas circulates up over the center, or left-hand bank, and the outer 
hunks shown, and down over the middle bank of tubes. Water and steam 
nove up in the center, or first pass tube banks, and down in the third 


Two, 





Fic. 89. 2500 Sq Ft Low Head-Room Vogt Boiler. 


jun tubes. The small amount of steam in the third pass tubes is carried 


(own by the water circulation. Circulation in the middle bank is not so 
Steam liberated in the upper drums passes up to a 


(ry drum where moisture drops out giving very nearly dry steam. The 
nil was designed for 700,000 lb of steam. A similar unit, with super- 
later added, produces 1,000,000 Ib of 1350 psi, 919° F steam, at the 
iver Rouge Plant of the Ford Motor Company. 


\ three-drum type of bent-tube boiler which has become popular for 


low head-room installations and for work for which a horizontal return 
tubular boiler might do is shown in Fig. 89. This particular boiler was: 
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installed for the Mengel Co. at Louisville, Ky., on foundations for a re 
turn tubular boiler which it replaced. Limited steam-relieving surface 
is provided in the front drum, from which both water and steam circula’ 
ing tubes return to the rear upper drum from which the steam is taken 
Baffles are arranged for two passes of flue gas over the generating tube 
or main tube bank. The damper is at the uptake to connect with the old 
breeching. 
184. Heat Flow in Steam Boilers.—Heat flows from the burned a 
burning fuel to the steam by radiation, by conduction and by convection, 
Radiation proceeds directly from the incandescent fuel bed or flam 
to the boiler and furnace surfaces, and indirectly from one surface to th 
other. The The amount of heat radiated by a body is proportional to thi 
fourth power of its absolute temperature. The amount of radiant he 
falling on a surface is inversely proportional to the square of the distane 
to the hot body and directly proportional to the sine of the angle ¢ 
inclination of the ray to the surface. 


Surface exposed to radiant heat is far more effective than surfae 
heated only by conduction and convection 

Figure 91 shows a design for a ees boiler in which the “boile 
surface is no more than a screen of furnace wall tubes to shield the super 
heater from hot ash without screening it frcm all direct radiation. 
some designs part of the superheater surface is radiant surface in 
furnace walls as in Fig. 108. 
Conduction is transfer of heat by direct contact without relative mé 
tion. It occurs through the metal of the heat transfer units. He 
transfer by either radiation or conduction is affected by the cleann 
of the metal surface and cleanness will be discussed further in Sect. 1 
and 189. 

Convection is transfer of heat by the motion of the particles containin 


the heat, that is, heat is mechanically conveyed. Transfer fro from partic 


to particle is is by conduction. 
With the high velocities of gas and water flow now common in ste 


boilers, the amount of heat flow, and therefore capacity of boilers, va 
almost as the weight of gas circulated in a unit time, that is, capacity 
is roughly proportional to the rate of combustion of the fuel. The ra 
of combustion is limited only by the capacity of the draft equipment, 
slagging, and unburned carbon loss. With underfeed stokers, the foren 
draft may blow an excessive amount of partially burned coal against th 
bridge wall, producing clinker which will cut down the capacity after 
time. Extremely high ratings can be carried for only short periods, 
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185. Proportioning Heating Surface.—Rigid rules for proportions of 
eating surface are not in use. Boiler heating surface is metal wall with 
liot gas on one side and water on the other. Fig. 90 indicates the flex- 
ibility available to meet various space limitations that may be imposed 
by building design. 
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22 TusesWioe_ 
Fic. 90. Variation in Arrangement of Heating Surface. 
(Courtesy of Erie City Iron Works.) 


Figure 76a is a most interesting illustration of the effect of choice of 
fucl upon the type of furnace to be used and resulting influence on boiler 
ind furnace proportions. 

Boilers have been arbitrarily rated at one boiler horsepower per 
\0 sq ft of heating surface. In the designs of about 1920, with natural 
raft, 250 per cent of rating may be obtained, and with forced draft, 300 
por cents On a strict interpretation of boiler surface and steam produced, 
(he operation may be several thousand per cent of rating. 

In the early 1920’s most boilers were standardized in a number of 
(losigns of small individual output. Many were needed to obtain large 
wapacity. Today such boilers are available and are largely used for 
small capacities but single boilers for large output are individually de- 
signed to produce a given amount of steam with a given temperature and 
with a guaranteed efficiency. For such units, all of the heating surface 
inust be integrated and the conception of per cent of rating is not ap- 
plicable. Output is expressed in thousands of pounds of steam per hour 
or better by million Btu_per hour. It is obtained by absorbing heat in 
water-cooled furnace walls, economizer, and air preheater, as well as in 
hoiler and superheater. Percentages of heating surface in these several 
parts are 39.3, 15.7, 12.2 and 25.8, respectively, in the 500,000 lb per hr, 
1270 psi, 935° F boilers of the West Penn Power Company’s Spring- 
ale Station. The Logan plant of the Appalachian Electric Power 
Company has about 13.5 per cent of the absorption in the boiler, while at 
Waterside only about 8 per cent of the surface is in the boiler and about 
‘5 per cent in the furnace. Such figures indicate the obsoleteness of the 
forms boiler horsepower and per cent of rating. 
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Visual comparison of the cross-drum arrangement in Fig. 62 and 


87 suggests a difference in amount of superheat desired. Also compariso} 


of the units of these two figures with that of Fig. 91 emphasizes what ha 


been said about designing for specified capacity and efficiency. In the 
latter figure the conventional boiler is non-existent but the boiler defi 
ciency is balanced by the great furnace wall area and extensive economizer 

186. Boiler Circulation.—Efficient heat transfer requires high ve 
locity of both hot gas on the outside and water or steam on the inside ¢ 
the heat exchanger surface. It has long been the practice to aid hot ga 


circulation by the use of induced- and forced-draft fans to supplemen 
the natural circulation created by the chimney. It also has been stané 
ard practice to secure forced circulation through the superheater } 
accepting an appreciable pressure drop between the saturated-steam a 
superheated-steam headers. Pumps for the forced circulation of 
steam or of the steam and water mixture become necessary in some boil 
designs. The decision to use forced water circulation gives the boilt 
designer a freedom not otherwise available for the distribution of he 
exchange surface. The decision may be a matter of choice rather th 


absolute necessity. Such a design is shown in Fig. 91. There is nm 


boiler in the old sense but there are some 12 miles of tubing in the furnac 


2 miles in the economizer, 7 in the superheater, with a water capacity of 


the unit, exclusive of the economizer, of 7800 gallons. Each circulatin 
pump has a capacity of 3500 gpm, creating a pressure differential fa 
circulation of 50 psi at a power cost of 0.3% of the full-load plant outp 

Natural circulation results in part from the difference in specif 


volumes of hot and cold water. However, inspection of the steam table 


will show that this difference is not very great but that the presence ¢ 
even a small amount of low-pressure steam would greatly increase 
specific volume of a steam water mixture. It is the steam that h ] 
insured the circulation of water through water-tube boilers. Care ha 
been taken in designing heating surface to insure that no local area sho 
be so rapidly or highly heated that its supply of circulating water an 
steam could not keep it reasonably wet and thereby prevent overheati 
Where circulation is inadequate, overheating occurs and tube failure 
likely. Such failures are seldom explosive, however, because hot wa 
is released to the atmosphere slowly through the ruptured tube rath 


than instantaneously as through the ruptured drum of a fire-tube boil 


With high boiler pressure the specific volume of steam is not enoug 
greater than that of water to cause active natural circulation even Wy 
greatly increasing the vertical distance between top and bottom of 
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"ia, 91. Diagrammatic Layout of Forced Circulation Boiler of Somerset Station 
vf Montaup Electric Company. Maximum continuous capacity 650,000 Ib per hr. 
|Jenign Pressure 2000 psi, Operating Pressure at Superheater Outlet 1825 psi at 950°F. 
Turbine Produces 25,000 kw using 620,000 lb per hr at 1800 psi and 950°F. Of this 
*/enm, 588,000 Ib are returned to the resuperheater at 400 psi and 603°F. Of this steam 
shoul 500,000 lb at 760°F are delivered to the low-pressure turbines to generate 47,800 
hw or a total of 72,800 kw from one boiler. 


(Courtesy of Combustion Engineering Corp.) 
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boiler. In this connection, the vertical dimensions in Fig. 88 and 8 
should be compared. At 2500 psi a bubble of steam is only one-fif 
as effective as at 250 psi in increasing the specific volume of the circula 
ing mixture. For pressures above 2500 psi forced circulation is a necessity, 

187. Loss of Efficiency.—For highest efficiency in using fuel, th 
products of combustion should leave the final heat absorbing surface 4 
the lowest possible temperature and be the least possible mass. 

Unnecessary moisture in air or fuel increases the mass of the product 

of combustion, and the sensible heat carried away by this unnecessa 
mass reduces efficiency. 

The supplying of unnecessary excess air or the infiltration of unwanter 
air increases the mass of the products of combustion and reduces efficiency 

In addition to the loss due to internal energy in surplus mass the 
usually is a reduction in temperature which results in less effective tran 
fer in some parts of the heat exchanger and hence an overall relative 
higher exit temperature. 

An even greater loss of efficiency occurs when dirty heat transf 
surfaces prevent the planned heat exchange and cause excessive exit gi 
temperatures. Soot and slag even in small thicknesses become effecti\ 
insulators of the external surface of heat exchangers while scale is 
effective insulator on the internal surfaces. 

188. External Cleanliness.—Soot is a deposit made on the boil 
heating surfaces by the furnace gases. Soot is mainly fine ash. It a 
contains to a lesser extent, coal dust, fixed carbon, and hydrocarbons, 
High volatile coals add a tarry deposit on the cooler parts of the heat 
surfaces. 

Because soot is a poor heat conductor, its presence rapidly reduces th 
boiler capacity and its efficiency. Soot is removed by hand-operated ¢ 
mechanically-operated tools or by blowing steam against the surfae 
covered. 

Boiler design is directed toward making the deposit of soot mot 
difficult, and to permit installation of apparatus to make soot removal 
easy. Special apparatus designed for soot removal is now installed in 
large boilers. 

Soot Blowers.—Figure 92 shows a section of a Diamond Soot Bloy 
made by the Diamond Power Specialty Corporation. In the figure th 
steam comes from below and passes through a poppet valve which 
operated by a cam sector as more clearly shown in Section “AA,” 


steam then passes up through the gooseneck to the pipe running ho 
zontally. 
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By pulling the chain, shown in Fig. 92, a pair of gears turns the pipe 
and the cam sector, causing steam to be admitted for any desired fraction 
of a revolution and with any desired pressure. 

The horizontal pipe extending inside the boiler setting is called the 
blower element. It is made of calorized metal or Dialoy to resist the 
high temperatures. This blower element is provided with a single row of 
nozzles. The nozzles, of Monel metal, are machined to exact dimensions. 
A nozzle is placed opposite each vertical row of boiler tubes. 





Fic. 92. Diamond Soot Blower Mechanism. 


If the steam pressure is above 175 psi, a reducing valve is used, or com- 
pressed air may be substituted. About one revolution of the blower 
sloment in 8 to 12 hours is usually sufficient to keep the boiler tubes clean. 

Slagging is an accumulation of molten or plastic ash. It occurs on 
oiler tubes and superheater tubes and most heavily on furnace walls. 
‘Tho degree of slagging depends upon the amount of ash in the coal and the 
fusing temperature, upon the steam load and upon boiler design. 

With high load, the combustion rate is high, which means high heat 
liberation rate and a large volume of furnace gas, so gas velocities are high. 
‘hese conditions tend to carry slag high on the furnace walls. The slag 
accumulations cut down the heat transfer rate so the ash is carried at 
liiwher temperature and begins to accumulate on boiler tubes cutting down 
(he gas spaces, increasing gas velocities and causing ash to accumulate 

even on the superheater tubes. 

Soot blowers are effective in removing slag and special designs are used 
even for cleaning furnace walls. Special air and water lances also are 
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used but care must be exercised in causing sudden local temperat 
changes in heating surfaces. After several hours of low-rate operatio 
furnace wall slag often falls away from smooth walls and causes high 
heat absorption in the walls with lower gas temperature to the sup 
heater and hence less superheat. 
Furnace walls can be arranged and proportioned to take some 
vantage of slagging for more uniform temperature at the superheater 
arranging to hold heavy slag for insulation on part of the wall at low rati 
and to have it melt off at high rating to give greater heat transfer. 
189. Internal Cleanliness.—Scale is a deposit on the water side of 
heating surface. 
Scale is removed from tubes by means of a rotating hammer inse 
in fire tubes and driven by air or steam. The hammers rap the inside 
the tube, causing the scale to crack off the water side. In water tubes 
similar arrangement is used except that cutters are used rather t 
hammers. Water is largely used for operating the cleaner motor 
turbine in water tubes because the discharge water washes the scale fr 
the tube. The operation is called turbining the tubes. 
Modern power plant operation seeks to avoid scale through wa’ 
treatment rather than to remove it after formation. 
190. Water Treatment in the Power Plant.—The steam power pl 
may be considered as a chemical plant which has water as one of its maj 
raw materials to be processed. Since water occurs naturally with 
average purity of better than 99.95 per cent, it would seem that it w: 
be suitable for use without any chemical processing. However, ex 
ence has shown that the presence of even such minute amounts of s 
impurities as one part in ten million in the water is sufficient to 
serious loss of power plant equipment. Consequently, the concentra 
of impurities in water is usually referred to quantitatively in terms 
parts per million (ppm) instead of per cent concentration. 
In the early days of steam boiler operation, boiler scale was usu 
the only difficulty in the power plant which was attributed to the in 
purities in the water. However, in recent years, with so much emph 
being placed on the availability of each boiler and its accessories, at 
tion has been focused on the purification of the boiler feed water so as 
prevent all difficulties which might occur in the water-steam cycle 
to these impurities. Fig. 93 shows a schematic diagram of the wa 
steam cycle of the steam power plant which will apply to central sta 
as well as industrial power plants. This diagram illustrates the vari 
types of difficulties commonly encountered in the water-steam 
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which must all be considered in the so-called purification or treatment of 
boiler water. Thus it might be a very simple problem to treat the water 
«0 as to prevent scale and corrosion in an economizer, but this treatment 
wight produce a boiler water susceptible to carry-over which in turn 
would cause deposits in the superheater or fouling of the turbine blades. 
In general, the problem of treatment of the feed water in a steam power 
plant proves to be rather complex and a thorough study of all the condi- 
(ions existing in the water-steam cycle is essential before adopting any 
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ha, 9% ic Di of Power Plant Showing Types of Difficulties Which 
Nia, 93. Schematic Diagram teal nls Depeche 


method of treatment. However, a few fundamental considerations 
sovering the desired conditions have been established. They serve as a 
yuide in determining the type of treatment to be used. These may be 
tlussified as follows: 

1. Removal of scale or sludge-forming material before entrance to the 

boiler. 

2. Internal treatment for prevention of scale. 

3. Prevention of embrittlement. 

|. Limiting total solids in the boiler water. 

h, Steam purification. 

(. Gas content of feed water or steam. 

7. pH value throughout cycle. 


191. Removal of Scale- and Sludge-Forming Material before Entrance 
to the Boiler.—Hardness in water is measured by the amount of standard 
sowp solution needed to produce a lather. The presence of calcium, 
iiugnesium, and silica in a feed water causes hardness and tends to pro- 
duce seales or sludges of these materials in the feed lines, economizers, 
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or boilers. In many instances, it is desirable to remove these impuriti 
prior to admitting the water to the cycle. This is usually referred 
as external water treatment. It usually necessitates the use of extensi 
chemical pretreatment such as hot process, cold process, 
karb, organolites, demineralization, or the use of evaporators which 
described in Sect. 207. In many power plants, a combination of seve 
of these methods or pretreatment is necessary. The hot or cold proe 
softeners use a treatment of lime and soda ash to react with the calei 
and magnesium so as to precipitate them. They are then removed fro 
the softener as a sludge. What material remains suspended in the wa 
is removed by passing through filters. The zeolite softeners replace 
calcium and magnesium salts in the water with sodium salts. Th 
softeners are regenerated with sodium chloride. This method redu 
the hardness to a very low value ; however, it does not reduce the to 
dissolved solids. The zeo-karb and organolites may be operated so as 
reduce the hardness to a very low value and reduce the total dissoy 
solids except silica and give a product almost as good as distilled wa 
The evaporators distill the water and usually produce the purest type 
boiler make-up water. 

The impurities present in the water are reduced to low amoun 
depending on the methods of treatment used and this tends to reduce 
tendency toward scale formation in the boiler. 

192. Internal Treatment for Prevention of Scale.—With the use 

external softeners or evaporators there is a small residual amount of i 
purities left in the feed water and this is often augmented by contami 
tion due to condenser leakage, etc. These impurities such as caleiu 
magnesium, or silica, concentrate in the boiler due to evaporation of 
steam and will produce scale unless a chemical balance is maintain 
which causes their precipitation as a sludge. Thus, the following ill 
trates one type of scale which might form under these conditions. G 
cium sulfate in solution tends to form a scale on the heating surfaces 
the boiler due to the fact that the calcium sulfate is appreciably solub 
in the boiler water but decreases in solubility as the temperature increas 
Thus, this salt will decrease in solubility as the temperature is raised 
the heating surface of the tube and form an adhering scale at this poin 
Calcium carbonate, however, is practically insoluble in the presence 
small amounts of sodium hydroxide at boiler temperatures. Under th 
conditions, the calcium carbonate would not tend to form scale at t 
heating surface of the tube. If the calcium could be kept as the carbona 
in the boiler instead of the sulfate, no calcium scale would form. 


zeolite, zi 
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presence of a small amount of sodium carbonate tends to convert = 
wulcium sulfate to the carbonate form as shown in the following reaction: 


CaSO. + Na2CO3 > CaCO; + Na,SO.. 


Calcium sulfate + soda ash + calcium carbonate ae sodium sulfate. 
‘his reaction may proceed in either direction depending on the relative 
eoncentration of the sodium carbonate and sodium sulfate. It has been 
shown that the presence of 30 ppm of NazCOx3 will make the reaction 
proceed toward the formation of CaCO; and the prevention of sulfate 
wale. However, if the water contains less than this amount of Na2COs, 
ra results. a 
ee have been studied for the prevention of are ee 
und it is possible to prevent silica scale by the he ay of the silica 
f -scale forming calcium or magnesium silicate. 
. ‘odie ee eee phosphate, colloids, and organic extracts ne also 
wed to prevent scale formation in the boiler. Deposits may resu ; one 
(he baking on of excessive sludge materials in areas of sluggish circulation. 
Consequently, it is essential that the final treatment does not cause a 
serous type of sludge to form. ; 
Be ee beet tintin it is often possible to operate Me ii 
\iigh make-up with all-internal treatment. When this type of trea nent 
ls used, it is seldom possible to treat with the sage oie Har S ‘ 
\norganic chemicals such as phosphates, soda ash, ete. If suc ae ee 
were given, the resulting soluble solids would build up in the boi “| caus 
vurry-over if excessive amount of blow down is not used. Under ne 
TT inditions, it is necessary to use chemicals which prevent scale mi 5 
when used in relatively small amounts, such as colloids, organic extracts, 
elo. When internal treatment is resorted to, it is essential to aril 
the blow down so as to remove the sludge which results from the igs 
‘ion of the chemicals within the boiler. Usually under a Pe . 
iype of treatment, it is very easy to maintain the recommended e : e 1, 
vitios for embrittlement prevention since the small amount of treating 
homicals results in very low alkalinities in the boiler waters. eee 
\» the pressures increase and the ranges of about 300 pounds a reac : 1, 
‘he internal treatment must in most instances be replaced by the combi- 
nd internal treatment. ; 
4 198. Rota of Embrittlement.—Embrittlement in steam ee 
yowults in the failure of the steel in the riveted areas and the areas in a 
vicinity of the rolled tube ends. This failure has been attributed to 
hol ion of the sodium hydroxide in the boiler water concentrating in the 
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capillary spaces present in these areas and attacking the highly stre 
boiler metal with the resultant cracking of the steel. Methods of ch 
ical treatment have been worked out whereby the embrittling action 
the water may be stopped. This has involved the maintenance of defi 
amounts of sulfates and chlorides in the lower pressure boilers and 
reducing of the silica contents in the higher pressure boilers. Nitra! 
and certain organic extracts also help in preventing embrittlem 
Naturally the reducing of the sodium hydroxide content of the boi 
water will tend to reduce the tendency toward embrittlement at all p 
sures. In the newer welded drums the riveted areas have been elimina 
and the tube ends are the only remaining areas of potential danger. 

methods of rolling the tube ends so as to keep the tube in contact 
the drum or header surface on the inside tends to reduce the potent 
possibility of concentration of the boiler water in these areas. 

In the A.S.M.E. Suggested Rules for Care of Power Boilers, See 
VII of the A.S.M.E. Boiler Construction Code, 1943 Edition, the foll 
ing statement appears in Par. CA-5*: 

“Cracks which are generally transcrystalline (across the grains) 
character and may occur both internal and external to the riveted, wel 
and expanded joints in any section of the boiler are attributed to one 
more of the following causes: Steel of unsuitable quality, excessive inte 
stresses, imperfect thermal or mechanical treatment during fabricati 
unskilled or abusive treatment during repairs, or to corrosion and cer 
other severe operating conditions. 

“Cracks which are generally intercrystalline (around the grain 
in character occur in boilers only in joints and seams where in certa 
boiler waters dissoved solids may become highly concentrated. ‘T’ 
cracks are generally attributed to the effect of caustic soda on hi 
stressed metals within these parts. 

“This action, which is usually termed ‘caustic embrittlement,’ 
taken place in cases where the boiler water contains but little sodiy 
sulphate in proportion to the total sodium hydroxide and sodium carl 
ate alkalinity. 

“In cases of boiler failures from cracks, competent advice should 
secured to determine the cause for such failures. 

“Operating evidence supplemented by laboratory work indicates ¢ 
if not less than the following ratios of sodium sulphate to total sodi 
hydroxide and sodium carbonate alkalinity calculated to equiv 


* Reprinted by permission of The American Society of Mechanical Wngineers, 
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sodium carbonate are maintained in the boiler water, ‘caustic embrittle- 
went’ will be inhibited. 


Total sodium hydroxide and 
carbonate alkalinity 


Working pressure of Sodium calculated to equivalent 


boiler lb gage Sulphate sodium carbonate 
0 to 1508 1 to 1 

150 to 250 2 to 1 

250 and over 3 to 1 


“Laboratory research work has indicated that there may be other 
‘iouns of inhibiting ‘caustic embrittlement’; however, there are insuffi- 
tient operating data available at the present time to prove the value of 
{lose preventive measures. 

“Pending further operating data from boilers in service, it is recom- 
tiended that the requirements of Par. I-44 of Section VI of the Code be 
extended to all riveted, welded, or expanded joints, and that careful 
pvumination of all joints be made if leaks occur and do not remain tight 
aller proper calking. 

‘Towever, operating evidence at this time shows no embrittlement in 
Hwilers designed to operate at or above 400 psi with welded, forged, or 
pclusively internally calked riveted drums. Therefore, no suggestions 
are given for the chemical control of the feedwater for such boilers. 

‘Data on boilers designed to operate at or above 400 psi pressure, and 
huving externally calked seams, show that some failures from embrittle- 


tient have occurred. A similar condition may exist where combined 
iiternally and externally calked seams are used, if the internal calking 
ts nol tight. These types of construction may permit the concentration 
of boiler-water dissolved solids in the seams, and the need for chemical 
jrolection of such boilers is therefore indicated. Because data from 
hwilors within this group using various chemical treatments for inhibition 
»! embrittlement are not extensive, the sulphate-alkalinity ratios set forth 


shove may be retained until additional controlled operating experience is 
vuilable. 


‘Note: Similar investigations of the operating conditions of boilers designed to 
Hypo aha ah pressures below 400 Ib are being conducted and findings will be published.” 


194. Limiting Total Solids in the Boiler Water.—It may be stated 
tut a boiler water of low total solids will tend to give a steam of high 


jurily. Consequently, a treatment which keeps the total solids low is 
esived in preference to one which allows the solids to increase to high 


* or cases where this ratio should be higher, see footnote No. 1 below. or 
i Bulletin ies, 216 of the Engineering Experiment Station, University of Illinois, 


pilitled, “Embrittlement in Boilers,’ 1930, pp. 76-78. 
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values. The alkalinity of the boiler water should be kept as low a 
possible. Most boiler contracts carry a statement to the effect that 
alkalinity of the boiler water should be less than twenty per cent of th 
total dissolved solids. When a definite water treatment is in use, 
total solids in the boiler water are controlled by the amount of boile 
water removed as blow down. 

The suspended solids should be kept as low as possible since they migh 
cause deposits on the heating surfaces and usually contribute materia 
to boiler water carry-over into the steam. 

195. Steam Purification.—In many instances, the demand for a hig 
percentage make-up of treated water in steam boilers makes it necessa 
to have a boiler water containing relatively high total solids. In sud 
instances, it becomes necessary to clean the steam leaving the boil 
Since the steam leaving the boiler carries a small amount of entrain 
boiler water, the total solids in the steam are proportional to the to 
solids in the boiler water and the percentage of the boiler water in 
steam. By mechanical means it is possible to reduce the amount ¢ 
boiler water carried into the steam to a low figure. However, if the to 
solids are high in the boiler water, the resultant total solids in the steap 
become appreciable. Thus with a boiler water having 2000 ppm a 

0.5 per cent of this is in the steam as moisture, there would be 10 ppm | 
the steam. Contracts in many of the recent installations limit the to 
solids in the steam to less than 2 ppm. Thus, it would be necessary 
reduce the boiler water concentration to one-fifth of 2000 or 400 ppt 
to keep the total solids below 2 ppm. In order to reduce the total golly 
in the steam without reducing those in the boiler water, methods of stent 
cleaning or purification have been developed. These methods in geno 
make use of the principle of washing or scrubbing the steam with th 
water being fed to the boiler. If this water enters the boilers at the tem 
perature of the boiler water and is brought in intimate contact with 
steam, the boiler water in the steam will be replaced with feed wa. 

Since the feed waters usually have a total solids content less than o 

tenth of that of boiler water, the total solids in the resulting steam will 

reduced to a low figure without changing those in the boiler water. I 

addition to reducing the total solids, the composition of the solids 

also changed. ‘Thus a boiler water containing sodium hydroxide migh 
give a steam having an appreciable sodium hydroxide content, but af 
being washed with a feed water having a low sodium hydroxide conten! 
the sodium hydroxide content of the steam might be reduced to’ nothin 
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One type of steam washer is shown in Fig. 94. Steam and water, 
high in solids and dissolved impurities, enter the drum from the tubes at 
the left. ‘The water flows down the drum and under the washer tg enter 
(he many tubes leaving the bottom of the drum. The steam enters the 
iwany thin compartments from 
Which it escapes through the small 
ioles in the sides at the lower 
wilge. The fresh feed water, low | 
in impurities, enters through the | 
perforated pipe in the bottom of © 
(hw washer, rises above the level 
uf the perforations in the steam 
(ompartments and overflows the | 
werrated edge to enter the boiler | 
virculation. As the steam bubbles * 
{rough this fresh water, the con- 
wontration of impurities in the 
sloum is greatly reduced. As the 
Wished steam passes out at the 
fiwht up to the superheater tubes, 
uch of the entrained moisture 
js caught on the screening. 

196. Gas Content of Feed Water or Steam.—The chemicals dis- 
solved or suspended in the boiler water are not the only impurities carried 
lilo the steam since gases present in the feed water or resulting from reac- 
lions taking place in the boiler water might be present. If oxygen is 
jvesent in the feed water, it usually reacts with the steel in the econo- 
jilvers or boiler proper to produce corrosion. However, it frequently 
finds its way into the steam and causes corrosion in the superheaters and 
sloam lines. Since oxygen reacts very rapidly with steel at boiler tem- 
jeratures, it is necessary to keep the oxygen content of the feed water as 
low as possible. This is accomplished by the use of deaerating equipment 
which boils the water in a properly vented steam atmosphere and thus 
joduces the oxygen content. However, it is often necessary to resort 
i» the addition of chemical reducing agents which will react with the 
ywidual oxygen so as to remove it chemically from the cycle before it 
fuses corrosion. 

Other gases such as carbon dioxide, ammonia, hydrogen sulfide, 
wilfur dioxide, and volatile decomposition products of organic matter 
fiivht also be found in the steam. 





(Courtesy of Combustion Eng. Corp.) 
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The carbon dioxide is usually present in the feed water combin 
with other chemicals such as sodium carbonate, calcium or magnesi 
bicarbonate or as free carbon dioxide. The higher temperature of 
boiler ‘water tends to decompose these chemicals with the subsequer 
liberation of the carbon dioxide. This gas tends to produce an ag 
steam which often causes corrosion. Ammonia, however, tends to mg 
the steam alkaline and is often considered desirable. However, at high 
temperatures the ammonia might react with the various metals in 
steam and water cycle to produce corrosion or weakening of the meté 
consequently, its removal in the feed water is desirable. Hydrogen s 
fide and organic sulfur compounds might cause corrosion as well 
produce objectionable odors in the steam. 

197. pH Value throughout Cycle.—The pH of a solution is defin 
as the logarithm of the reciprocal of the hydrogen ion concentratic 
The reaction of any water solution at room temperature is defined ag 
pH of 7 being neutral, a pH greater than 7 being alkaline and a pH 
than 7 being acidic. Since the pH is a log function the degree of acid 
or alkalinity is logarithmic and not linear. Thus a solution with a yt 
of 9 has 10 times as much hydroxide present as one with a pH of 
However, experience has shown that a neutral solution with a pH val 
of 7 will dissolve iron and produce corrosion. As the pH value of 
solution increases above 7, the tendency to dissolve iron decreases. Sin 
the reaction between the iron and solutions of various pH values 
influenced by temperature and the salts in solution, it is difficult to se 
definite pH value for the entire water-steam cycle. In some cycles, 
has been found that a pH value of 8.5 prevents corrosion (in the abse 
of Oz) in feed lines, heaters and economizers, whereas a pH value aly 
9.6 in the boiler proper is desired and a steam with a pH value of 
has caused no trouble. In other cycles, it is necessary to vary ti 
values due to the presence of different chemicals in the cycle. 

198. Other Modern Boilers.—The fire-tube boiler as a small stand 
unit is still much used. The early water-tube longitudinal-drum des 
is not extensively sold now. The small, straight-tube cross-drum boll 
and particularly the bent-tube type of Fig. 89 are adapted to sm 
capacities and to some degree of standardization. ‘The small underf 
and overfeed stoker development has improved operation of these unl 
However, they are not closely related to the design of furnace, suyi 
heater, and other heat-absorbing apparatus. Attempts to bring | 
benefits of coordinated design to the small unit through some degree 
standardization have developed units of the type shown in Fig. 96 
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iy. 96. They bring to the small operator the economic advantages of a 
furnace and boiler adapted to the use of gas, oil, or pulverized coal as 
variations in the local market may indicate. The disposition of heating 
surface and baffles differs, but the general arrangement may be observed 


~~ Saturated Steam Header~ 
_ Superheated Steam Header 








Water-Screen Over _ 
Brick Floor 





(ra, 95. Internal Arrangement of C-E Type VU Steam Generator in 20,000 to 
200,000 lb per hr Capacities. 


(Courtesy of Combustion Eng. Corp.) 


from the arrows indicating gas flow. The dimensions suggest propor- 
lions for different capacities. ) 

199. Critical Pressure Boilers.—It is possible to generate steam at the 
vyitical pressure, or below, in boilers consisting of long circuits through 
which the water is pumped without recirculation as in the conventional, 
wy forced circulation, types. Such a once-through boiler is indicated in 
Vv. 97. The European Benson boiler is an outstanding example of this 
\ype. However, this arrangement gives no opportunity to remove solids, 
snd the Benson boiler has found it desirable to add a drum for this pur- 
jwowe and to abandon the critical pressure operation. 
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The European LaMont and Velox boilers, shown diagrammatica 


: : : : sulution ratio (i.e. pounds of liquid circulated per pound of vapor gener- 
in Fig. 98a, use a circulating pump to insure flow of water and stea : he ie ate 


sled) is about 6 or 8 to 1. A thermocouple is installed on each tube. 
Vhoese are connected to an instrument which records the temperature of 











bested 32'- 1? for 200,000 Lohes 26-32" wach tube every hour. In case a tube starts to overheat, and before it 
ate . : ; 
Air to 2 6" for 20,000 17'-87. waches a dangerous temperature, an alarm is sounded so the operator 


Burners ean correct the trouble before damage occurs. Such boilers require 33 
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Fic. 96. External Arrangement of B & W Integral Furnace Boiler. 


(Courtesy of Babcock & Wilcox Co.) | STEAM TO 
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Fic. 97. Once Through Boiler. 
(Courtesy of Combustion.) 


the tubes so that they are at all times capable of absorbing all the h 


that is put in by the fire. 





through the boiler heating surface as in the boiler of Fig. 91. Two 





















as much water is circulated as the amount 
steam generated. Fig. 986 shows a diag 
matic arrangement of the Loeffler boiler | 
which steam is circulated by a pump that gi 
a 50 psi pressure difference. The cireulal 
steam is used as the heat absorbing medium 
the furnace and then for water evaporath 
in the drum. This is a contact heater as ¢ 
scribed in Sect. 206. 

200. Mercury Boiler.—The mercury hol 
of today is of thermal circulation type and 
plain, round tubes similar to the ordin 
steam boiler. They are of alloy steel. ‘I 
mercury is chemically treated by adding aly 
003% magnesium and .0003%  titaniur 
This cleans and wets the interior surface 


The tubes are so proportioned that the ¢ 


Fie. 98a. Forced Water-Cireu- 
lation Boiler. 


(Courtesy of Combustion.) 


Fic. 98b. Forced Steam-Cir- 
culation Boiler. 


(Courtesy of Combustion.) 


i 4} lb of mercury for one (1) total kw output. They may be fired by 
sonal, oil or gas. The pressure at which a mercury boiler can operate is 
\lmited by the tube material and the years of life desired. 

201. Boiler Performance.—Theoretically, the efficiency of a boiler 
snd furnace should decline as the rate of evaporation is increased because 
of the increased sensible heat accompanying higher flue gas temperatures. 
\'\w. 99 shows performance curves for a number of central stations. These 
show an increasing efficiency at low ratings occasioned by the decreasing 
proportion of loss due to radiation as output is increased from the lowest 
The use of economizers, preheaters and other auxiliaries tends 
to flatten the curves. 

‘There is much to be learned through study of the curves in Fig. 99. 
Hudson Avenue (1923) and High Bridge (1925) Stations are of limited 
tapacity as indicated in Sect. 185. Hudson Avenue (1929) shows a 
wwurked increase in stoker capacity almost tripling the earlier capacities. 


palings. 
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The characteristic droop of these efficiency curves should be noted 
related to the discussion in Sect. 161. 
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Fic. 99. Central Station Boiler Performance. 
(Courtesy of Combustion Eng. Corp., Trans. A.S.M.E. and Westinghouse Electric Corp.) 


The flatter efficiency curves obtained with pulverized coal should 
considered as well as the tremendously wider range of operation. § 


comparison of the difference in operating pressures of the River It 
and the 12th Street Stations is permissible. 


202. Problems.— 


Unless otherwise stated pressure is in psi. This is equal to psig + 15 psi, app) 
mately. Standard atmospheric pressure is 14.696 psi. 

1. For the refrigerator temperature 100° F, find the availability of heat add 
250° F. Do the same for heat added at 1000°F. Ans. 21.1 %, 61.6%. 

2. In a steam power plant, the condenser pressure is 1 in. of mercury. The 
pressure is 500 psi. Find the percentage of the heat added that is ideally available 
(a) heating the feedwater from 79° F to 467° F (the boiling point), (6) during evaporw 
at 467° (c) during superheating from 467° F to 1000° F. Ans. (a) 24.7%, (b) 41, 
c) 54.1%. 

3. The ideal refrigerator temperature is 100° F. The boiler discharges 60,000 
of flue gas of average cp = 0.24 and 600° F per hour. Find the horsepower that a 
of Carnot engines would deliver using the heat given up by the flue gas in coo 
100° F. This is available energy in flue gas. Ans. 810. 

4. A boiler contains 250 cu ft of saturated water at 120 psig. Suppose the sat: 
ligus expanded instantaneously to atmospheric pressure. This process wo 
adiabatic and will be taken as isentropic. (a) Find what percentage of the ini 
saturated liquid would be evaporated, (6) find the ratio of volumes of the water-# 
mixture at the end of the process to the initial volume of water, (c) give the volur 
cubic feet of steam released during the pressure dro , (d) give in feet the side of » 
ae gh contain the volume released in (c). yo (a) 18.2, (6) 192.6, (c) 47, 

6.6. 

5. Assume that the boiler of the problem 4 contained 250 cu ft of saturated 
at 120 psig. Find: (a) ratio of volumes of steam, (6) volume increase, (c) side of 
sponding cube. Ans. (a) 6.92, (b) 1480 cu ft, (c) 11.4 ft. 

6. Name two advantages in safety of the water-tube boiler over the fire-tube 
A a Why was the early water-tube boiler a better heat exchanger than the fires 

oiler 

8. Why does the HRT boiler continue to be a desirable steam generator? 

9. Name two advantages of the Seotch boiler. 

10. Explain why staybolts are provided between the flat heads of the boiler of 
above the flues; between the flat heads of boiler and combustion chamber, 


Richard J. Shelton 
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i i i hat of Fig. 108, 
i f the water-tube boiler from that of Fig. 85 to t' ( 
Be Abani a addition of furnace wall tubing and relative decrease of boiler 
» se In the evolution referred to in Problem 11, why has there been such an increase 
pp height liquid, saturated vapor, and 15% vapoz 
13. Tabulate the lb per cu ft of saturated liquid, sa ( : 
volume with 85% liquid volume for 100, 250, 600 and 1200 psia. 


Ans. 


Lb/cu ft 
Lb/cu fty Lb/cu ft, 85% f + 15%g 
i 56.3 0.226 47.83 
260 or 53.7 0.532 pra 
600 psia 49.8 1.300 42.6 
1200 psia 44.8 2.77 F 


i imate statement in the last paragraph of Sect. 186. 
5 bie 30 amen the psi pressure difference for circulation ey i ‘s 
tbe contateaaie saturated liquid and one containing 90% liquid and 10% vapor by ve 
‘ne at: (a) 100 psia, (b) 250 psia, (c) 600 psia, (d) 1200 psia. 


- Lb/cu ft of 
10% vapor : 
Lb/cu fty Lb/cu ft, mixture bet Pp 
i 56.3 0.226 50.72 5 
20 ba 53.7 0.532 48.35 yes 
600 psi 49.8 1.300 44.93 oe 
1200 psi 44.8 2.77 40.58 ; 


i i for a furnace tube in which the 
16. Determine the percentage of vapor by weight A be ware ee 
prey jortion is 70% water by volume at (a) 100 psia, (6) 250 psia, (c) 600 psia, (d) p 


ns, 


Lb /cu ft of 
10% Mag 
ft, Lb/cu ft mixture 
100 psi gees 4 afer ; 39.47 pre moisture by wt 
25 i 53.7 0.532 37.76 R 
ns 4 49.8 1.300 35.19 is 
1200 psi 44.8 2.77 32.13 ; 


17, Name three objectives in feed — lap 
is the theory of steam washers tise ; 5 

10. Gee ten mines A at it is important to have a minimum of foreign matter in 
seam leaving the boiler to ee. eke 

‘ i of boiler : ial f 

a1. ber stag! peaens 19, what is the objection to critical pressure operation of 
hollors? ‘ i 

22. ter entering the boiler contains 25 ppm of solids. ( 
Hon is limited i. 200 i m. Neglecting change in specific Naren ay heating, 
wreentage of water fed. must be blown off? Ans. me-eighth or 12.5%. 7 aeson 
23. Feed water has 33 ppm of dissolved ee ans ete oe 200 ppm o: 
Is, Fi d water blown off. Ans. 16.67%. ; : 
-s \ reed aeons, Shahan 100° F has 50 ppm of dissolved solids. Find Ande ee 
boalo forming material entering in a 24 hour day to supply 1000 hp engine using 
seam per hp-hr. Ans. 24 Ib. | é tn wake oan 

2 » two characteristics of the output-efficiency curve of i 4 
“ adh digtiriglet daetioen the performance of stoker-fired and pulverized-coal-fired units. 


The maximum concentra- 
what 





























CHAPTER XII 
BOILER PLANT AUXILIARY APPARATUS 





















203. General.—The preceding discussion of the steam boiler indi 
cated that a variety of equipment other than a grate, furnace, and boil 
are needed in modern steam generating practice. Additional heat ex 
changers assist the boiler in recovering energy. Pumps are providé 
to supply water to the boiler and for forced circulation as described i 
Fig. 91. Chimney and fans are used to create draft to move the product 
of combustion through several heat exchangers. A very important par 
of boiler plants is the highly sensitive and effective control equipmen 
which makes it possible to concentrate such great energy releases int 
relatively small space. 

204. The Power Plant.—No one boiler plant has all types of hew 
exchange devices, but Fig. 100 gives a good picture of a modern plam 
from coal bunker through the stoker to the ash hopper and from soda am 
alum water-treatment tanks to deaerator, surge tank, boiler feed pump 
economizer, feed-water regulator, boiler, and superheater. The cor 
densers, low-pressure heaters, generator air coolers, and accumulator 4 
not shown but are accounted for in Fig. 116, as are the turbines and m 
stamps for which the steam is produced. The continuous boiler blow 
down and the oil removal filters are shown. Oil enters the steam us 
to operate the ore crushing mill stamps. The magnitude of the problep 
of removing this oil from the condensed steam is indicated by compari 
the size of the filters with other equipment. 

The forced draft fan, induced draft fan, and stack for moving air 
clearly shown. ‘The boiler control panels are shown in outline. 

The boilers are four-drum, bent-tube Stirlings, widely used for mot 
erate capacities and steady load. The three boilers in this plant ea¢ 
have a designed capacity of 60,000 Ib per hr at 425 psi and 675° I) 
Heating surface in each is 8955 sq ft, with another 5800 sq ft in ead 
economizer. 

205. Heat Exchangers.—Heat exchangers are used to obtain 
exchange of heat energy from one medium to another. They are of two 
principle groups, contact and closed. In contact exchangers the tw 
media mix as in open feed-water heaters, deaerators, accumulators ant 
jet desuperheaters. In closed heaters, the two media are separated 
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he shown. Oil enters the steam u 
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E-tube Stirlings, widely used for mo 
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‘iw walls of the heat exchanger. The boiler is a device for securing an 
exchange of heat between the radiant particles of fuel and the products 
of combustion on the high temperature side and the water on the low 
silo. This is an exchange of heat chiefly from gas to liquid in a closed 
vowel. An exchange similar to that in a boiler takes place in the closed 
fnod-water heater, economizer, evaporator and condensing desuperheater. 
Tho superheater, gas reheater, steam reheater, and air preheater secure 
a exchange of heat between two gases, two vapors, or a gas and a vapor. 
Condensers which are of both contact and closed types are discussed in 
Chapter XV. 

Sometimes the exchange is from liquid to liquid, particularly at lower 
lomperatures, as in the case of heat recovery from the water blown from 
‘hw boiler in deconcentrating by blowing down. 

l\xcept for some mechanical features affected by such considerations 
4» (emperature or pressure, the exchangers in any classification are like 
all others in the same class. 

206. Contact Water Heaters.—The contact, or open, feed-water heater 
wuts the water by direct contact with ex- 


Jwust steam, often at atmospheric pressure 
wy with steam bled from a turbine at high 
jromsure. The heat transfer generally 


goours in a vessel, with level or inclined 
jynys at the top to provide a large surface 
of contact between water and steam and a 
waler-storage space at the bottom. 

Water is admitted at the top and spreads 
ever one tray after the other, sprinkling 
down through numerous perforations in the 
iyays and over the edges of the trays as in 
Vig. 101. 

In normal operation, the supply of feed 
water is controlled by a float valve. A 
second float valve, not shown, near the top 
of the heater, drains the water away when 
\i vises, due to condensation of the enter- 
jn steam at periods when little feed is 1s. 101. Open Feed-Water 

Heater. 
Withdrawn. 
One advantage of the contact heater is the rapid interchange of heat 
due to the direct contact of steam and water. Another advantage is the 
wparation of a considerable amount of dissolved solids which are less 
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soluble in hot water and are deposited on the trays. A third advan 
is the separation and removal through evaporation of a consideral 
amount of corrosive gases, such as oxygen and carbon dioxide. 

The ability of the contact heater to eliminate dissolved gas by evapo! 
tion of a small fraction of the water during the heating process has 1 
sulted in development of the deaerator and deaerating heater to redu 
the gas content, particularly oxygen as discussed in Sect. 196. 
steam and gas are removed through a vent condenser shown in Fig. 
and 116 so their heat may be recovered. 

Another contact heat exchanger is the accumulator, a cylind 
vessel of large capacity and capable of carrying the internal pressu 
which the steam is to be received. A series of nozzles throughout ft 
length of the drum open upward near the bottom. The drum is parti 
filled with water which is heated by steam entering through the noz 
If more steam enters than leaves, the temperature and pressure 1 
When the demand is greater than the supply, the large body of wi 
yields part of its heat to evaporate part of the water at its lowered pr 
sure. Accumulators float on the line where the demand for pro¢ 
steam does not follow exactly the discharge of exhaust steam from anot 
source. 

With high superheat temperatures, it is essential to have the co 


hoth tube sheets are bolted to the shell, but in large heaters one tube 
sheet is fastened and the other floats, thus permitting the tubes to expand 
freely, or U-bend tubes are used with only one head. 

Figure 102 is a diagram of a closed heater. The water space at the 
tight, between the two flanges, is divided into three compartments by 
\\orizontal ribs. Water enters the lower compartment and passes to the 
jolt through the lower group of tubes to the space between the left tube 
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Fic. 102. Closed Feed-Water Heater. 


shoot and the floating head which covers it. The water is then forced to 
jolurn to the right through the next group of tubes, leaving at the upper 
‘ight after two more passes. Steam enters at the top, passes downward 
wvound the tubes, and is then forced by baffles to make upward and down- 


temperature for both safety and economy. Precise control is of ward passes, leaving as condensed steam at the bottom. 

obtained by cooling the steam to the desired temperature through Air and other non-condensible gases carried in small amounts by the 
evaporation of enough water sprayed into a jet desuperheater. T steam must be continuously removed, so that the heater may be always 
contact heat exchanger is substantially the same in function as the op (lod with live steam. A vent automatically removes these gases as fast 
feed-water heater except that the proportions of steam and water | i they collect. 


such that the water becomes superheated steam instead of the hea 
steam being condensed to water. Obviously, the construction is not 
same. 

207. Closed Heaters.—Closed heaters have a wide variety of 
Superheaters and air heaters will be discussed separately. In the clo 
feed-water heater, the feed water passes through tubes, generally m 
of non-ferrous material for low pressures but of steel or stainless steel | 
high pressures, and the steam circulates around the tubes. The he 
are generally cylindrical, because this shape is adapted to resist } 
pressure. 

The feed water should be free from scale or solids, as the many &f 
tubes are not easily cleaned. To promote rapid heat transfer, high w 
velocities are used. 

The tubes are secured in circular tube sheets at the ends. Somet 


Evaporators are quite similar to closed feed-water heaters except for 
liversion of the steam-water relationships. Steam under pressure in 
{he coil is condensed by the evaporation of water outside the coil at lower 
jrewsure. Multiple effect evaporation is obtained by using the steam 
generated in one evaporator to evaporate more water at a lower pressure 
ii) another evaporator. The condensate from one coil may be used to 
sipply additional heat in the next coil. Evaporators are of importance 
ii, many boiler plants where all feed water is distilled. Concentration of 
solids and scale formation occur in evaporators as in boilers. 

‘The feed-water heater uses steam to heat water but the economizer 
‘won the hot flue gases leaving the boiler. The name, economizer, comes 
from the fact that early economizers were added to boiler plants to re- 
sover some of the ‘waste’ heat in the flue gas. In modern plants, they 
are designed as an integral part of the complete heat exchanger system. 
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Deaerating heaters are used with economizers receiving relatively co 
water because the steel tubes are subject to rapid corrosion at temper 
tures below 200° F. High-pressure contact or closed feed-water heate 
are used with economizers to obtain better over-all efficiency. 

A typical design of economizer is shown in Fig. 103. Bends are forg 
to provide the close loops shown. Steel fins are welded along the len 
of tubes to provide extended heat absorption surface. The ends of t 








Fie. 103. Elesco Forged-Bend, Continuous-Loop Economizer. 
(Courtesy of Combustion Eng. Corp.) 





tubes are connected to the inlet and outlet headers. Hot gas flows ac 
the tubes and flow may be either down as in Fig. 100, or up as in Fig, 1 
In each case, however, countercurrent flow is used so that hot gas is 
to heat hot water, and cooled gas leaving the economizer heats cool wa 
entering it. 

Economizers are installed for a particular heat recovery and 
have heating surface as little as 10% or as much as 300% of the bo 
heating surface. As pointed out in the preceding chapter, all the heat 
surfaces must constitute an integrated whole so that proportion figu 
do not have much significance without knowledge of other design fact 

It is common for economizers to provide a 100° F water temperat 
rise, but there are installations designed to obtain only 40° F and oth 
obtain as much as 300° F rise. The boiler and furnace may be desi 
to give a flue gas temperature of 1200° F at entrance to the economl 

Superheat temperature control is sometimes obtained through ¢ 
densing desuperheaters which are quite like small economizers exdej 
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(hat the superheated steam in the tubes instead of flue gas outside is the 
wating medium, and the high boiler pressure requires a unit similar in 
ppearance to the closed feed-water heater. 
208. Air Heaters.—Air heaters are of two general classes, convection 
und regenerative. The first is substantially a low-pressure closed heat 
exchanger and may be the plate-type or tubular-type air heater. The 
owenerative heater might be considered a form of contact heater. 


The plate-type air heater at the top an 
[cas ounet | : 
Ts 


of ig. 88 is shown in more detail in 
— 
i wae LH 


Viv. 104. Steel plates are placed verti- 

wully, about 14 in. apart. Ribs on the 

ilutes divide the spaces as shown for Li 
the gas passage in Fig. 104 and for the ee pe 
air passage as shown in Fig. 88. The es 
iol flue gas passes upward through } 
every other passage and the air passes 
downward through the remaining pas- 
sues. The plates are cleaned on the 
wun side by soot blowers or steel brushes, 
wecnsionally. A hand lance is being 
wed in Fig. 104. 

Tubular air heaters, such as are 
shown in Fig. 87, 96 and 108 are much 
jwod. Hither the flue gas or air may be 
jwwed through the tubes. Cleaning of the inside of the tubes is more 
eusily done so the tubes are usually used for flue gas. 

'requently steam is used as a heating medium in a tubular type air 
jreheater using finned tubes. It is particularly adapted to heating 
jwimary air for pulverizers. Its great advantage is elimination of ex- 
lonsive and expensive ductwork because the steam air preheater can be 
pluced at the mill. In a similar manner, diphenyl-oxide and Dowtherm 
jweheaters are used to save bulky, extensive ductwork. They are most 
jiwlpful where overall distances from air heater to burners or mills are 
very great. The use of a second economizer for heating the Dowtherm 
lntead of an air preheater following the economizer permits pumping 
the heated Dowtherm to a point near the fans and burners where it 
juwes through the finned tubes of a tubular heater like the steam air 
jireheater. 

The Ljungstrém Air Preheater, built by the Air Preheater Corp., 






























Fig. 104. Plate-Type Air Preheater. 
(Courtesy of Combustion Eng. Corp.) 
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operates on the regenerative principle. A vertical cylindrical pipe 
divided by a partition into flue gas and air passages. 

The heat transfer agent is the preheater rotor, rotating at 2 to 4 rp 
The heating elements are crimped steel plates, a; in. thick, alternati 
with plain cylindrical steel sheets, placed concentrically. Radial and ¢ 
centric plates divide the rotor into nests of these elements. 

Figure 105 shows details of a heater such as that shown at the ri 
in Fig. 91. The hot ascending flue gas heats the rotor which in turn he 
the descending air from the forced-draft fan. 


Cooceo FLue Gas Coto AiR FROM 
TO INDUCED-DRAFT FAN FORCED -DRAFT FAN 


Hot FLue Gas ; Heareo Air 
FROM BOILER TO FURNACE 





Fic. 105. Ljungstrém Air Preheater. 


It should be noted that heat absorbed in the air preheater is retu 
to the furnace and must ultimately be absorbed by some other heati 
surface .The use of closed feed-water heaters gives high feed-wa 
temperatures requiring high boiler-exit gas temperatures for the ee 
omizer. The high feed-water temperature also limits the economi 
exit temperature and causes the flue gas to carry away heat that is 
absorbed by the air for combustion, even though the use of this h 
represents a recirculation rather than a direct absorption except for 
benefit derived in drying coal in pulverizers and in improved combust: 
through use of hot secondary or over-fire air. 

209. Superheaters.—Superheaters are of two types, convection 
radiant. Convection superheaters, being heated by flue gas flowing 
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ive more common. ‘The amount and location of superheater surface is 
determined by the temperature desired, the fuel, and the amount and 
(lisposition of other heating surface, as well as the pressure drop accept- 
able as the steam passes through the superheater at high velocity to 
insure effective heat transfer. It is for this latter reason that boilers are 
designed for higher pressures than the pressure available at the super- 
heater outlet. Superheater safety valves are set for pressures consider- 
ably below boiler pressure for this reason as well as to insure a flow of 
slcam to cool the superheater in case steam demand suddenly drops. 
‘or the locomotive boiler of Fig. 84, a superheater element such as 
Appears in Fig. 106 is inserted in the superheater flue and is connected 
0 the saturated steam and superheated steam headers. As the saturated 
steam flows back and forth through the 13-in. tubing it is first dried and 





Fic. 106. Elesco Locomotive Superheater Element. 


then superheated by the flame and hot flue gas passing over the tubing. 
{{ should be remembered that from the other point of view the super- 
l\wnter is cooled by the steam passing through it. The forged bends in this 
‘exign should be noted for their similarity to those of the economizer in 
Vi. 103. For large, high-pressure installations it is now customary to 
wold the tubes to the headers or, in the case of saturated steam ends, to 
wold to nipples welded into the steam drum. 

‘he superheater shown in Fig. 87 is known as a continuous-tube 
literdeck superheater because the element is bent back and forth and 
lwonuse it is located between decks of generating tubes of the boiler. 
An overdeck heater is one placed above the bank of generating tubes. 


l‘ondent continuous-tube superheaters are shown in Fig. 91 and 108. 
When steam approaches zero superheat, but still is at high pressure 
while expanding in a turbine, it is desirable to resuperheat before further 


xpunsion. A superheater for this purpose is termed a reheater and may 
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be further described as a gas or steam reheater according to the source 
heat. Such a unit is included in Fig. 91. Its design is for the reduc 
pressure and increased volume. In some installations, a steam rehea 
uses high-pressure saturated steam to resuperheat expanded steam. 

As the steaming rate for a given unit increases, there is an increase 
the flue gas temperature because of the increased mass flowing past he 
exchanger surfaces. Also there is a tendency for slagging to increase ani 
thereby cut down the heat absorption rate of furnace cooling surfa 
These factors tend to give increased superheat with increased ste 
delivery. Because a constant temperature is wanted, desuperheaters 






GAS TEMPERATURE GAS TEMPERATURE 
TO SUPERHEATER T T 
AT 100% LOAD ‘AT 100% LOAD 
2300 °F 2000°F 


4 


SUPERHEATER CONTROL RANGE 
RELATIVE SUPERHEATER SIZES FOR 900°F FINAL 
STEAM TEMP OVER 75 TO 100% CONTROL RANGE 

WITH GAS TEMPERATURES OF 2300,2000, AND 1700°F 


Fig. 107. 


other devices must be used to insure close temperature control bey: 
the design limits. The problem is graphically presented by Fig. 1 
prepared by Foster Wheeler Corporation. Like Fig. 76a and 90, 
shows the change in proportions brought about by a choice of opera 
conditions. 

Three furnace and superheater designs are shown designed to m 
tain constant steam temperature from three-quarters to full load wi 
superheater gas inlet temperatures of 2300°, 2000° and 1700° F res 
tively. In each case, the superheater is designed to give final st: 
temperature of 900° F at 1325 psi. Taking the surface for 2300° 
unity the surface for 2000° F would be 1.59 and for 1700° F would I 
3.32. The increased superheater size is apparent in the figures, 
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W'va, 108. Foster Wheeler Twin Furnace Steam Generator for 494,000 lb, 1263 psi, 
925° F Steam at Rivesville Power Station. 


(Courtesy of Foster Wheeler Corp.) 
249 





250 
























STEAM AND GAS ENGINEERING 


notice the increased size of furnace necessary to obtain the lower furna¢ 
exit temperatures. 
With 2300° F gas-inlet temperature, the superheat temperature wi 
remain reasonably constant down to 50 per cent of capacity. To obtai 
this added range of control with 2000° F gas would require 2.3 instead 
1.59 times as much superheater surface. To use 1700° F gas would 
quire several times as much surface area and an increase in excess air 
the lower rating to insure the lowered furnace exit temperature and suf 
cient mass of flue gas to give the required superheat temperature contre 
A furnace arrangement designed to give adequate superheat temper 
ture control over a wide range is shown in Fig. 108. 
The right hand furnace is completely water cooled. After pass n 
down through the furnace, the products of combustion pass up thro 
the generating tube bank and out to the economizer. The left-har 
furnace is water-cooled on the front and sidewalls. The back wall 
steam cooled by the saturated steam from the boilerdrum. The produ 
of combustion in the left-hand furnace, after passing down some 35 ft ¢ 
furnace, turn upward through the convection superheater bank and 
join the gas from the right-hand furnace in going to the economizer. 
Increased steaming rate gives the radiant superheater a greater 
of saturated steam and hence greater cooling of the radiant superhe 
with a lowering of its superheat temperature. The increased fuel 
air needed in the left-hand furnace causes a relative increase in 
temperature of the steam leaving the convection superheater givin 
resulting constant superheat temperature over a wide range of opera 
without changing the relative firing rates in the two furnaces. i 
extra flexibility is desired, the relative rates of firing may be changed, 
The design shown in Fig. 91 obtains superheat temperature conti 
by using dampers to control the mass of flue gas flowing over the fi 
length of the superheater. To reduce superheat temperature, flue 
is directed to the upper economizer thus shortcircuiting the superheat 
Another design for maintaining constant superheat temperature is 
arrange fuel burners to tilt. Burners such as Fig. 73 can be installed 
permit tilting up and down 30° from the horizontal. When tilted up 
light load, the flame is not exposed to a large part of the furnace wa 
area. The result is a hotter exit temperature for the reduced mas 
flue gas. Tilting the flame down at full load utilizes all of the furr 
cooling surface and avoids excessive exit temperatures. 
210. Pumps.—Boiler feed pumps are of two kinds, displacement 
centrifugal. 
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In the first, water is mechanically displaced by a plunger or piston. 
\'ig. 109 shows an outside-end-packed double-acting duplex pump. The 


designation has to do with the means of sealing the plunger against leak- 
hee. 


The packing is outside the water cylinder. End-packed means 
(hat the packing for each plunger is at the end and that the two plungers 
work together through the yoke rods. Double-acting refers to the steam 


Water End_ 


Fic. 109. Outside-End-Packed Pump. 
(Courtesy of Dean Bros. Pump Co.) 





vylinder because a plunger pump can only be single acting. As the 
plunger moves out of the cylinder its space is filled by water flowing in 
(through the suction valves which lift from their seats against light springs. 
On the return stroke the suction valve is held tight on its seat by the 
water pressure. The water is put under pressure by the incoming plunger 
ntil the pressure in the cylinder balances the load on the discharge valve 
jwulting from a light spring, 
and the outside head of 
water. Further movement of 
the plunger forces the water 
\hrough the discharge valves 
which close as soon as the re- 
(urn stroke begins. 

igure 157 shows an inside- 
packed, or piston, pump. The 
jacking is carried in the pis- 
ton as indicated at 27. Plunger pumps are preferred because the pres- 
sure of the packing against the plunger may be adjusted by the gland 
wnd because any leakage past the packing may be seen at once. 

In the centrifugal pump shown in Fig. 110, water enters the spaces 
of the impeller as indicated near the shaft. Held between the vanes it 
is rotated and moves to the periphery of the impeller due to centrifugal 
fore, Leaving the impeller at nearly the peripheral velocity, it enters 
(he casing whose cross-section gradually increases to permit a reduction 





Fic. 110. Volute Centrifugal Pump. 
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in the water velocity with resultant pressure increase. Such an increasi 
passage is called a diffuser. Kinetic energy imparted to the water by 
impeller is converted to potential energy by the casing. This is a volu 
pump because of the shape of the casing. 

Figure 111 shows a cross-section of a turbine pump in which the ch 
of velocity to pressure is accomplished in a diffusion ring having va 
which provide increasing passageway area. 

To increase the pressure which can be developed by a pump it 
necessary either to increase rotational speed of the impeller or to incre 
its diameter because the pressure produced is a function of the veloci 


without further attention when steam is applied. Most injectors must 
live valves opened in a proper sequence to pass water to the boiler. 

‘The principle of the operation is to release the available heat energy of 
(le steam in the nozzle, by expansion from boiler pressure to atmospheric 
jivessure. 

‘The energy released is converted into kinetic energy of the steam jet 
jwuing from the larger end of the nozzle. 

‘The steam, moving at great velocity, drives the water coming up the 
jipe into the lifting tube. The steam loses velocity due to impact and 
ile to the kinetic energy absorbed by the water. It also shrinks in 
volume, due to condensation, at the in- 
sunt it meets the water and enters the ~ 
li/ting tube. Because of continued con- —Sgn~ oo 
lensation, the mixture of steam and “EY 
Water continues to contract, and the NIN 
ling tube and the combining tube N 
ae steadily reduced in cross-section, 
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Diffusion =z 


Fie. 118. Diagram of Automatic 





though the velocity is being reduced by Tnjectar. 

friction. By the time the delivery tube 

» reached, the steam is all condensed, and the passage is steadily enlarged 

i) (he delivery tube. This provides space for the water at constantly 
Hie Til. Parbine Discharge Outlet Flang tleereased velocity. 

















As the stream of water moves through the delivery tube, it is steadily 
‘hanging kinetic energy to potential energy, and the pressure builds up 
i) boiler pressure before the end of the delivery tube is reached. The 
wulor then flows through a check valve into the boiler. 

‘lhe air in the injector at starting is blown out through the automatic 
tine valve, and check valve. As soon as water reaches the combining 
tiihe, the pressure drops, due to condensation, and the valves close. The 


Centrifugal Pump. Fic. 112. Two-Stage Pump. 


of the water at the periphery of the impeller. In pump design a lim 
soon is reached in both of these regards, and it has been found desiral 
to build multi-stage pumps. 

Figure 112 shows a two-stage turbine pump in which the first g 
velocity is converted to pressure in the diffusion ring from which 


water, now under pressure, is led to the suction side of the second impel wulor then continues through the delivery tube to the boiler. 

Pumps for cold water should not be called upon to lift water more th Though much energy is lost in friction and at impact of water and 
18 ft. As the temperature increases, the lift, or suction head, should seam, the energy available in the expansion of one pound of steam is 
decreased to avoid vapor lock resulting from evaporation of some of piough to force the condensed steam and many pounds of feed water into 
water at reduced pressure. For hot water, the pump should be “ tie boiler. In designing the injector, it is essential to have the right pro- 
mersed.” ‘That is, there should be a positive head on the suction side jwrlions for sizes of steam and water passages, both before and after 
cause the water to flow to the pump and overcome the friction losses mixing. The principle of using kinetic energy to move another mass is 
the piping and pump passages. jwod to increase draft as in Fig. 114, to remove air from condensers as in 


For portable boilers, emergency use, and locomotives, an injector 
be used for feeding water to the boiler. Fig. 113 shows a diagram 
single-tube automatic injector. It is automatic because it will w 


Viv. 162, and to move fuel in carburetors as in Fig. 205. 
An ordinary single-tube injector will lift water at 70° F about 20 feet, 
wid water at 100° F 14 feet. It will not lift hot water. A double-tube 
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injector will lift water at 120° F 20 feet, and will deliver against a 
pressure of 350 psi. 
Pump Calculations.—The useful work output of a pump is used 
the induction of water and in its delivery at higher pressure. By me 
ing the water pressure at pump suction, the water pressure at pur 
discharge, and the quantity of water pumped, the performance 
pump can be found. Any difference in elevation of the points for w 
the gages give pressures must be added to the gage readings. Any ¢ 
in kinetic energy of the water entering and leaving the pump mu 
accounted for. 
The useful work on each pound of water pumped can be expr 
therefore, as the change in pressure energy, including the gage lo 
correction, and the change in kinetic energy. 
Ve 


Ve — 
w= Pwy, — Pw, + 2+ yp 





2 as 2 
= hyn + 2+ 


This equation, in ft lb of work per lb of water, becomes exp 
in feet of water if the equation is divided through by the weight of 
water (one lb). , 

) 2 
hy = ha — ha + + OE 
where h, = total head, ft of water 
hy, = discharge pressure, ft of water 
hi = suction pressure, ft of water 
z = vertical distance, in feet, from the point of attachment, 
suction gage to the center of the discharge gage or 
the center of the suction gage to the center of the 
charge gage in case the suction supply is under p 
Correction is plus when the discharge gage is at 
elevation 
V2 = velocity, fps, in discharge pipe 
V; = velocity, fps, in suction pipe 
vy,andvy;, = specific volumes of the water entering and leaving 


usually equal. ; 
Examp.e 1.—The discharge gage on a pump reads 148 psig. The suction 
attached 4 feet below the center of the pressure gage, reads 2 in. Hg vacuum, — 
pump is delivering 600 gpm of 140° F water. Pipe diameters, are 5 and 4 in, on 
and discharge respectively. The horsepower input to the pump is 81.2. The 
trical input to the driving motor is 73.2 kw. Find: (a) Total head, (6) Ft lb of 
done per min on the water, (c) Water horsepower, (d) Pump eff, (¢) Combin 
and pump eff, 
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Solution.—Using Steam Tables to find vy. pe 

(a) ha = (p2 + 14.7)(144) (vy 10 ») ft lb per Ib = ft, 

O12 e Riss 11:7)144) (0.01629) = B81.7 ft of 140° F water, 
hy = (29.92 — 2)(0.491) (144) (0.01629) = 32.2 ft 140° F water, 














2=4it 
se = = 80.2 cu ft per min. 7.48 gal = 1 cu ft, 
_ Quantity pumped, cu ft per min _ _80.2 = 15.3 fps 
Va Pipe area, sq ft [60] (4)*_ (69) as 
(444 
Vi= ae = 9.8 fps, 
(5)?ar (60) 
(144)4 
V2 — Vv? ars (15.3)? sm (9.8)? = 
Ty mad 64.4 Tlf 


he = 881.7 — 82.2 +4+4+2.1 = 355.6 ft. Ans. 
cu ft per min "80.2 = 4930, 





(b) Lb of water per min = 





vy ~ 0.01629 
Work per min = (lb per min) (he) = 4930 (355.6) = 1,753,000 ft Ib. Ans. 
(c) Water horsepower (whp) = 1 = 53.2. Ans. 
(/) Pump eff = meats = 333 = 65.5%. Ans. 
(e) Combined eff of unit = beanies aa ma = 54.2%. Ans. 
0.746 


0.746 kw=1 hp. 


211. Draft.—During the operation of a boiler, large volumes of air 
inust be supplied for combustion, and still larger volumes of burnt gas, or 
flue gas, must be removed. The flue gas contains, beside nitrogen, its 
principal constituent, a number of harmful ingredients. These are carbon 
lioxide, carbon monoxide, coal dust, fine ash, and sulphur compounds. 
In addition, much steam is produced from the combustion of hydro- 
arbons. 

‘The flue gas must be discharged at an altitude sufficiently great to 
obviate annoyance or harm to people, or damage to vegetation, structures 
ov machinery. Tall chimneys or stacks are required to raise the point 
of discharge high enough to minimize the annoyance or harm caused by 


(hoe gases. 
Resistance is encountered in the movement of air, of furnace gas and 
of flue gas. A chimney creates a pressure differential between the outside 


and inside of the furnace because of the difference in density of hot flue 
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gas in the chimney and cool air outside. However, for large units 
differential must be supplemented by fans. 

Chimney Cross-Section.—The rational calculation of the area of cr 
section of a chimney may be seen from the following example: 


Examptr 2.—A boiler rated at 1000 boiler hp is operated at 300 per cent ratin 
The coal has 13,000 Btu per lb. The boiler efficiency is 80 per cent. Eighteen Ib 
air are used per lb of coal. Air enters at 60°F. Flue gas leaves the boiler at 500° 
Gas velocity in the breeching assumed 30 fps. Gas velocity in stack 25 fps, and ave’ 
temperature in stack equals 400° F. Find area of cross-section of breeching and of s 

Solution.—The heat absorbed by the steam per boiler hp is 33,472 Btu per h 
For 1000 boiler hp and 300 per cent rating, the heat absorbed per hour is: 


33,472 X 1000 X 3 = 100,416,000 Btu. 


The weight of coal that must be burned each hour to deliver this heat to the s 
with 80 per cent efficiency, is: 


100,416,000 
13,000 X 0.8 


The weight of air required each hour is: 
9655 X 18 = 173,800 lb. 
The volume of air required per minute is: 


173,800 _, 380 x 
60 x 38.9 ~ 38,000 cu ft. 


The volume of the flue gas will be about 960 + 520 or 1.85 times the volume of 
entering air, or: 


= 9655 Ib. 





1.85 X 38,000 = 70,300 cu ft per min. 
The area of cross-section of breeching will be: 

70,300 + 60 X 30 = 39.1sq ft. Ans. 
The area of cross-section of stack will be: 


38,000 x ‘ + 60 X 25 = 41.9 sq ft. Ans. 


Stack Height.—The column of hot gas inside the stack is less d 
than a similar column of cool air outside. It is this difference in we 


that furnishes the draft or superior pressure that forces the air into 
furnace. 


ExampiE 3.—The average temperature of the flue gas in a stack 150 ft high is 600" 
and its density at standard temperature and pressure is 4 per cent greater than that 
air. Find the stack draft, h, if the air outside is (a) at 60° F and 14.7 psi (b) at 
F and standard (24.8 in.) barometer, at an elevation of 5105 feet above sea level. 

Note.—In solving problems with a range of values for one term, as for the p 
here, it is convenient to set up the equation with both terms included, thereby of 
the second solution with only one additional move of the slide rule. 

Solution.—Air pressure at 5105 ft is 24.8 X .491 = 12.18 psi. 
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The weight of a column of air one foot square and 150 ft high at 600° F and 14.7 
(12.18) psi pressure is: 





14.7 
PV ieee X M4 X 150 _ 5.62 Ib at sea level. 
M = BF = 53.3 (600 +460) ~ 4.65 lb at 5105 ft elevation. 


The stack gas at the same temperature and pressures weighs: 
5.62 _ [5.85 } obey 
re Sed! 4 tee me he, 
The outside column of air of same height weighs: 
5.62 (600 + 460) _ earae a 
ee } * “60 + 460) 9.47 


11.45 5.85| _ [5.6 
The difference in weights, M, — M; = 947° 7 it = 1a Ib, is the draft 
) per sq ft. 
4 Aap fof water weighs 62.4 lb. That is, a column of water one foot square and 12 
‘hes high weighs 62.4 Ib. ; 
. "The height of a column of water that weighs 5.6 (4.6) lb is: 


5.6 
‘oor _ 1.08 in. = h at sea level. 
62.4 * !? = 0.88 in. = hat 5105 ft elevation. 
This is the draft in inches of water. Ans. | ; ; 
A re lculation will give the required height for a given draft. 
eee © pasar as tive except height of stack, H, is to be found for a draft 
uf 1.08 inches of water. 


Solution.—1.08 in. of water is 1 X 62.41b persq ft. This pressure is the difference 
\) weight of the column of flue gas in the stack and a similar column of air outside. 











Oi x 624 
147% 144 XH her x 144 X 1.04 X H 
PY, ca 12.18 _ 1.08 x 62.4, 
M = Br 8-533 x (60 +460) ~-B3.3 X (600 + 460) 12 


1.08 X 62.4 X 53.3 150 ft at sea level. 


as 1.04) 181 ft at 5105 feet elevation. 
ois) X tx (55 ) 


= Rar 520 1060 


‘Tin is the required theoretical height of stack. Ans. 


During hot weather and at low barometer the draft of a stack is less. 

‘The absolute temperature of the air should be taken that of the 
warmest weather in which the power plant will be operated at maximum 
VPC 
= Thread of the various resistances will determine the draft, h. These 
fovintances include the loss in entering the ash pit, the loss through the 
fuel bed, the loss through the boiler, the loss in the economizer, the loss 
{i the breeching and the loss in the stack. 





| 
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To the height of stack calculated from the draft, h, an allowance o 
20 per cent should be added for safety. 
At rated load, the draft resistances sum up to from 0.5 in. to 1.0 in 
or more. At loads much above rating, a fan is usually installed to tak 
care of the high losses through the fuel bed. 
Chimney Construction.—Chimneys may be built of brick, concrete, ¢ 


steel. 


The chimney must be strong enough to resist stresses due to gravit 
and wind pressure, as well as vibrational stresses due to the operation ¢ 
heavy machinery or due to blasting at some distance. The chimn 
must be gas tight and should be laid up so that it is a reasonably goo 
insulator of heat. 

To preserve the chimney, it is generally lined with fire-brick for on 
sixth of its height. If heavy overloads are expected, the lining extent 







y Stream Line Throat 
y Installed in Natural 


4 Small fan handling 
Tion . 


. Fra. He Thermix 


tack. 


so that the induced draft fan is left to move the products of combust) 
through the furnace, boiler and other heat exchangers which may be 
the circuit. The forced draft fan handles cold air so that it works 
efficiently on the smaller volume. 

212. Boiler Room Control.—Harly boilers were dependent upon 
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higher. Many modern power-house chimneys 
unlined. 

Induced Draft.—Where a chimney is not ls 
enough or high enough to handle the flue gas an ii 
duced draft fan must be installed to assist in draw 
the gases through the boiler passes. This generally 
true of complete steam generating units as in I 
88, 96, and 100. The fan blades are subject to erg 
sion by the cinders and ash in the flue gas. 

Figure 114 shows an arrangement for somewh 
increasing the capacity of an existing stack by u 
a small fan to handle a portion of the flue gas to 
venturi throat installed in the stack. The Prat Dank 
Corp., manufacturers of this device, also use the in 
creasing stack cross-section in regular forced and }j 
duced draft equipment to reduce the exit velocity ant 
thereby obtain a greater effective pressure differen¢ 

Forced Draft.—When the pressure in the furn 
is reduced appreciably below that of the atmosph 
there is an increase in the air infiltration. To avoid # 
excess, forced draft is used to force air into the furn 
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operator’s watchfulness for the maintenance of adequate water supply 
and fuel to insure sufficient steam at a satisfactory pressure. Safety 
valves were developed as protection against excessive pressure but often 
were tampered with to enable engines to carry greater load than was safe 
for the boiler. Pressure gages and water glasses were developed to 
assist operators. The water glass is a hollow glass tube whose lower end 
iy connected to the boiler drum at a point below the water line and its 
upper end is connected above the water line so the water level may be 
observed. For low pressures and moderate steaming rates this arrange- 
ment is quite satisfactory, but with high-pressure, high-capacity units, 
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Fic. 115. Diagrammatic Layout of Fuel, Air and Feed Water Control. 
(Courtesy of Bailey Meter Co.) 


ii has physical and operating limitations. Glass must be protected 
jgainst erosion. It must withstand high pressures. As an operating 
device it is affected by foam on the water, and by the change of level 
caused by foam and water turbulence. 

Approximate mental calculation will reveal that the modern central 
station boiler delivers enough energy from its superheater outlet every 
minute to be the equivalent of the energy expended by a modern pas- 
wenger automobile in going 1000 miles at high speed. Furthermore, at 
such rates of evaporation, all of the water contained in the unit could be 
evaporated in a few minutes. Realization of these relations emphasizes 
the need for automatic controls to anticipate changes about to occur as 
well as to meet changes as they do occur in the demand for steam, fuel 
or feed water. 

The complexity of control may be studied in Fig. 115 which is a 
diagrammatic arrangement of controls for a unit like that of Fig. 96. 
The problem is fundamentally one of supply and demand. If control 
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instruments can know present demands and anticipate future demand 
they may be able to insure adequate supplies. The demand is for a 
fluctuating amount of steam at a fixed pressure and temperature. To 
meet the demand there must be a correlation of the supply of feed water, 
fuel, and air. 

A steam flow meter measures rate of steam supply while suitable 
instruments measure pressure and temperature. Increased flow or 
decreased pressure are both met by increasing the air supply by providing 
more induced draft. The reduced furnace pressure caused by increased 
draft is used to call for increased air supply from the forced draft fan, 
Fuel supply must follow air supply at a fixed air-fuel ratio as outlined i 
Sect. 153, so fuel supply is controlled by air supply. Feed-water supply 
may be controlled by changes in boiler water level only or by an anticip 
tory relation to steam flow in addition to water level control. Supe 
heated steam temperature may be controlled through use of desupe 
heaters, dampers, tilting burners, or differential firing rates in the case 
twin furnaces as in Fig. 108. No superheat temperature control 
indicated in Fig. 115. 

No attempt will be made to describe the method of operation of thi 
mechanical and electronic devices used to translate instrument readin 
into forces sufficiently powerful to move large control valves. From t 
labels for air supply, etc., in the lower right-hand corner of Fig. 115, it 
apparent that compressed air controlled by pilot valves can be an ope 
ating force. 

Consideration of Fig. 116 will give opportunity for greater appreciati 
of the part played by each piece of modern power plant heat excha 
equipment and the importance of automatic control for their join 


performance. 


213. Problems.— 


(a) General.—By use of the steady flow equation, the exact amount of heat added 
the water in the boiler—all at constant pressure—has been found to be the increase 
the enthalpy, h, inside of the boiler; that is, it is equal to the value of h (for water 
steam) just before exit less the value of h for the sub-cooled liquid just after entrance. 

As already pointed out, for approximate calculations, h of the sub-cooled liquid ab 
entrance may be taken as equal to h of the saturated liquid at the same temperatul 


that is, the corresponding hy of the steam table. 
Unless otherwise stated pressures are absolute, and lb means psi and lb gage mean 


psig. 
(b) Factor of Evaporation.—Numerically, this equals q; + 970.2. Calculate factor 
of evaporation for Problems 1 to 4 inclusive. 1. Feed water 80° F, pressure 150 Ib g 
steam quality 95 per cent. 2. Feed water 120° F, steam pressure 200 Ib, temperat 
500° F. 3. Feed water 70° F, steam dry saturated and at 200 lb gage. 4. Feed wa 
250° F, steam pressure 200 lb and temperature 500° I’. 


WI Zo Tt per sec. ivtean temperature o1 swawcK gases Is vUU GF. Pind Lusiue WauicueL 








76,000 Ib /hr 425 psig -675 F 100,880 Ib /hr * 92,160 Ib /hr 


<— —_ _ 
Losses 1,800 Ib /hr 176,880 Ib /hr 350 Ib /hr 51.100 psig 
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Fig. 116. Heat Balance and Heat Flow a for Plant Shown in Fig. 100. 








250° F, steam pressure 200 Ib and temperature 500° I’. 
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(c) Equivalent Evaporation and Boiler Horsepower.—It will be recalled that equiva- 
lont evaporation is actual evaporation times the factor of evaporation. Boiler horse- 
power, still extensively used, is Btu of heat absorbed by water (and steam) per hour 
divided by 33,472. Rating is ratio in per cent of actual boiler horsepower developed to 
rated boiler horsepower. From the itemized data of each of Problems 5 to 8, inclusive, 
lind equivalent evaporation and boiler horsepower or rating as may be aj propriate. 
\, Feed water 200° F, steam pressure 150 lb and temperature 400° F. 6000 tb of steam 
- hour. 6. Water at 140° F, 500 lb steam per min at 180 lb and 97 per cent quality. 

. Water 180° F, 133 lb steam per min, 120 lb and 350° F, 100 boiler hp. 8. Water 
120° F, steam at 250 Ib and 600° F, 250 lb per min, 300 rated boiler hp. 

(d) Overall Boiler Efficiency and Rating.—Overall boiler efficiency is equal to heat 
absorbed by water (and steam) divided by heat of combustion of fuel. From data of 
lroblems 9 and 10, find overall boiler efficiency and blr hp or per cent rating. 9. Ult. 
analysis of dry coal, C, 80; H, 6; O, 8; ash, 6. Water 120° F, steam at 140 Ib and dry 
mturated, 9 lb steam per lb coal, 200 Ib coal per hour. 10. Water 70° F, 8 lb steam at 
\0 lb per sq in. and 500° F per Jb coal, 200 lb steam per min, rated boiler hp 300, coal 
hus 13,000 Btu per Ib. 

(e) Grate Surface, Efficiency and Rating.—11. Boiler develops 250 per cent rating 
with coal of 14,000 Btu per Ib, burned at rate of 35 lb per sq ft of grate surface per hour. 
ltuting is based on 44 boiler hp per sq ft of grate surface. Find overall boiler efficiency. 
12. Boiler with coal of 13,500 Btu per Ib develops 150% rating and 70% efficiency with 
rte of combustion equal to 25 lb per sq ft of grate surface per hr. Find rated boiler 
hip per sq ft of grate surface. 

(f) Economy and Capacity.—13. Coal of 13,000 Btu per lb costs $8 per ton of 2000 lb, 
water at 200° F, steam pressure 250 Ib and temperature 500° F. As rating varies from 
100% to 200% to 300%, efficiency varies from 85% to 80% to 75%. (a) For each rating 
{ind amount of coal burned per hour per rated boiler hp. (0) Find fuel costs per boiler 
\\-hr in each case. (ce) Find number of pounds of steam generated per rated boiler hp 
| 800% rating. 14, Assuming pounds of steam generated varies inversely as the num- 
hor of Btu absorbed per lb of water in boiler proper, find percentage increase in output 
(hut, may be realized by use of a feed-water heater and economizer, if by their use the 
hwiler feed-water temperature may be raised from 70° F to 250° F. Steam is at 150 lb 
wage pressure and 95% quality. Heat from furnace is same in each case. 

(g) Superheater.—15. Fifteen pounds of flue gases are generated per pound of coal 
nd 10 Ib steam raised per Ib coal. Steam pressure is 100 Ib. ‘The flue gases, of mean 
specific heat equal 0.27 Btu per lb, are cooled from 1800° F to 1500° F while passing the 
superheater, and 90% of the heat given up is absorbed in superheating the steam. 
\{ the steam enters the superheater dry and saturated, find the temperature of the 
sionm leaving the superheater. 16. Per pound of coal 15 lb of flue gas and 8 lb of steam 
wre generated. The steam leaves the superheater at 450° F and 100 Ib pressure. The 
furnace gases enter the superheater at 1600° F, during the temperature range in cooling 
juve a mean specific heat of 0.27 and the steam in being superheated absorbs 85% of the 
jot passing from the flue gases in cooling. Find reduction in temperature of the flue 
yowos in passing through the superheater. 

(h) Heat Balance for Boiler.—17. Steam pressure 195 lb; temperature 560° F; flue 


wwios leave at 500° F; total steam generated 25,000 lb per hr; coal and air each contain 
14°) moisture; feed water 180° F. 
Ult. analysis dry coal Flue gas analysis, volumes Dry refuse 
© H O Ash CO2 Oz N2 Cc Ash 
82 3 5 10 11.2 8.8 80.0 30 70 
(4) Mind boiler hp. (6) Find overall boiler efficiency. (c) Calculate items for complete 
hont balance. 


(i) Stack Diameter and Height.—18. A 1000-hp steam engine uses 23 lb of steam 
por hp-hr. ‘The boiler has 70% efficiency and uses 18 Ib of air per Ib coal. Feed water 
150° , Steam at 180 Ib pressure and dry saturated. Coal has 13,800 Btu per lb, dry. 
Total draft resistance, 1.25 in. of water. Air, 60°F. Mean velocity of flue gas entering 
stack, 25 ft per sec. Mean temperature of stack gases is 500° F. Find inside diameter 
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and height of stack. 19. The rated boiler capaci illi i 
. pacity, 40 milli 
ee ak are kee egy 75% efficiency with a coal of. 14.000 Bee Pet “— i 
; 16 Ib. ue gas enters stack at 580° F and leax oR Ag 
= 70° F. Elevation is 5000 ft above sea level, the average tele va th ' on 
24 in. Velocity of flue gas at entrance to stack is 25 ft per sec. Draft oak aa iol 
in. of water column. Find inside diameter and height of stack. 20, Mesnltasen a 
pressure is 20 in. of mercury and mean temperature of stack gas is 400° F Ai yee 
ture is 100° F. Stack height is 250 ft. Find draft in inches of water. — * np 
2 Pump.—21. A pump delivers 5000 gpm, discharge head of 120 Ib per sq i 
a ion pressure is 20 in. vacuum. Gage location correction +4 ft. Suction as d di 
: arge pipes are each 10 in. in diameter. Find: (a) total head in feet; (b) geben i @ 
= . ones pump “A oe nen electrical and mechanical efficiency is 65% ae 
cessar riv i i neal 
: ia water. “Femperature ss A bon a ona pump against a total head o 
ow Sheets and Heat Balance Items.—23. Using Fig. 11 F 
oooe, yo tovigies Ail ite re sco Noe steam going to No.6 ofhion eee 
; rom the superheater; (c) tabulate the 1 irl m 
(d) compute the Btu rates per kwh for the No rators, Od. (Con 
Btu o. 7and No. 8 generators. 24. C 
accumulator radiation loss, using steady-flow equati b ti ae 
accumulator equals 1% of energy enterin Aid that a BM princaes heowede 
; t saturated steam | | 
gage, find temperature of water enterin: r (c) A 1 i inder 8 ft Loa 
and 65% full of water. With initial accumulator prosaure at 136 bon ee, Coke 
Minh Ge ee eee cumulator pressure at 158.3 lb gage, neglectin 
: " " ter, how man ds of 
withdrawn during a pressure dro °3 Ib? tnd, Hint: (1) Pind. (oath 
t p of 8 lb? 258 lb. Ans. Hint: (1) Find init 
pr ic old — and water per cu ft; (2) assume steam and water eee mid I 
5 Pag ty; (8) find entropy mixture per Ib; 0.532, Ans.; (4) find low-pressu! 
bs te) 8 tia expansion; (5) find final weights of steam and water per initi 
ae ae M corresponding volumes; (7) find net volume increase per initial cu ft 
bye ond ma (8) find quality of the initial steam after 8 lb isentropic expansio 
pe * A —c @) Assuming average quality of steam withdrawn as 0.998, find fin 
ak ts So 6 = i ink ee = be total Mek ag increase divided by specific volume 
, 1 CO for s uality is omitted, is negligible for ordina: drop 
and error in assuming average quality is negligible for pan pressure nina a 


Chap. 12, Sect. 213, Answers to problems : 
1-1.14, 































: 9-67%, 59 bhp 16-154° F 

2-1.215 10-76%, 442 bhp 17-863, (b) 76.2 

$1. 11-77%, 184,234 

+ ‘08 12-4.7 19-7.4, 350 
i ne ay 

683,910, 9 -19.3% 21-(a) 270, (b) 341, (e) 
78600, 240 15-534° F 22-12.4 





CHAPTER XIII 
STEAM TURBINE TYPES AND PERFORMANCE 


214. Turbine Types.—In the steam engine the full pressure of the 
steam acts on the piston during its entry into and during its expansion in 
the cylinder. In the steam turbine, however, the available energy of the 
steam is converted into kinetic energy (velocity) in nozzles and then in 
the blading or buckets of the moving rotor this kinetic energy is utilized 
in performing useful work in keeping the rotor turning against the ex- 
ternal load on the turbine. The steam turbine is characterized by high 
rotative speeds, 1800 and 3600 rpm being common with 60-cycle alter- 
nutors while speeds up to 7000 rpm are used in driving blowers and turbo- 
vompressors. Steam turbines require no lubrication in the steam circuit, 
and turbines can utilize higher superheats and lower vacua than can steam 
engines. The maximum torque of a steam turbine, which is exerted at 
starting, approximates double the running torque. 

In every turbine, steam is expanded from a high pressure to a low 
pressure through one or more nozzles. In the impulse turbine, the nozzles 
ure all stationary, and discharge steam at a high velocity into the blades 
of a rotating wheel. The reaction turbine uses both stationary and 
inoving nozzles in the form of blades, with the steam expanding and 
dropping in pressure in the rotating blades as well as in the stationary 
blades. 

In the ideal impulse steam turbine the steam, after leaving the nozzle, 
x directed onto the moving blade row of the turbine where it decreases 
in velocity while giving out work to the wheel, at the same time 
iintaining a constant velocity relative to the wheel. The pressure 
dvop of the steam occurs completely in the nozzles and the pressure re- 
iuins constant when passing through a set of blades. In the case of the 
reaction turbine the first set of nozzles is stationary and delivers the 
seam with an impulse effect onto the adjacent moving blade row. These 
moving blades are built with converging cross-section and themselves 
act as moving nozzles. The expanding steam in acquiring velocity and 
kinetic energy relative to the moving blades exerts a reaction force and 
vontributes to turning effort on the moving blade row. 
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215. Simple Impulse Turbine.—Figure 117 at bottom shows an axial 


ection through the nozzle 


wheel and perpendicular to the 
The pressure of the steam drops in the nozzle to exhaust 


section through a turbine and above this as 


and blades, taken parallel to the axis of the 
axial section. 
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Bia a spe practically constant in passing through the blades, 
city of the steam increases in the nozzle and i i 

through the blades. With no fricti nity of the eesti 
f o friction the velocity of the steam 

relati 

to the moving blades stays constant, but the steam in having its directia 


changed in the curved blades undergoes a change of momentum and 
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decreases in absolute velocity until it leaves with the small final velocity 
marked Vao. This Vao or leaving velocity passes off with the exhaust 
sloam and is dissipated. The changein velocity of the moving jet furnishes 
ihe motivating effect in the turbine (See Sect. 243). 

216. Nozzle of Simple Impulse Turbine.—A section along the axis of 
4 nozzle of an impulse turbine is shown in the center part of Fig. 117. The 
joxzle first converges to its smallest cross-section called the throat and 
(hon steadily diverges to the low pressure end called the mouth or exit. 
The pressure at the throat of a complete expansion nozzle always ranges 
from 54 to 58 per cent of the initial pressure (Pi). In the case of nozzles 
for multi-stage turbines where the discharge pressure from the nozzle is 
in excess of 0.54 P; to 0.58 P, the shape of the nozzle is completely con- 
vergent and no divergent section follows the throat (minimum) section. 
Methods of making nozzle and blade calculations are developed in the 
jext chapter. 

217. Simple Velocity Stage Turbine-—Figure 118 shows diagram- 
nutically and Fig. 119 illustrates a section through a velocity-stage 
lurbine. In such a turbine the steam, after leaving the nozzle at high 
velocity, passés through the first row of impulse blades where its velocity 
is reduced but is still high when the steam enters a row of stationary guide 
hlndes attached to the turbine casing. In the stationary (fixed) blades 
oy buckets the velocity remains unchanged, the steam being merely 
‘ivected into the second row of impulse blades. In the second row the 
velocity is reduced to the low leaving velocity V.o shown in Fig. 118. 

‘The purpose of this velocity staging is to utilize more effectively the 
velocity generated in the nozzles. It can be shown that the blade speed 
i) v simple, single-stage turbine should be slightly less than half the steam 
spood for maximum utilization of the kinetic energy of the jet. For a 
large pressure drop this may necessitate an extremely high blade speed. 
lly velocity staging, because the velocity of the jet is utilized in two steps, 
the blade speed need only be about 0.2 of the steam speed. A large 
jvessure drop with the associated large change in enthalpy of the 
stoum can be absorbed in a two-row velocity stage wheel. This makes 


seh a wheel of importance as the first stage in the high-pressure section 
of many large turbines. Small turbines frequently contain but one such 
whool for their entire working element. Unfortunately, with high steam 
velocities passing through the blading there are large frictional losses 
hoth in the moving and fixed blades. 

In Wig. 119 steam at high pressure passes through the regulating valve 
which closes by varying amounts (throttling) in response to the action 
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of the centrifugal weights of the spiral-gear driven, vertical-spin 
governor. The steam then enters the nozzles passing to the first row 
moving blades. The fixed guide blades, which in this design are attach 
to the nozzle block, redirect the steam on to the second row of movi 
blades. The moving blades are attached to the forged steel wheel 
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Fig. 119. Axial Section of Velocity-Stage Turbine. 
(Courtesy of De Laval Steam Turbine Co.) 


spindle which is held on the shaft by a key and lock nuts. The pres 
of the steam is the low (exhaust) pressure of the system immedia 
after leaving the nozzles and remains constant at this value in pass 
through the blades and when it is finally exhausted near the bottom of 
casing. Four carbon packing rings can be seen on each side of the wh 
just before the external journal bearings. The space next to the 
packing ring can be connected to bleed away leakage steam or if exte 
steam is supplied at just above atmospheric pressure it can prevent 
leakage into the casing when vacuum operation is used on the turb 
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An emergency trip, mounted on the shaft and under the action of cen- 
\vifugal force, at a predetermined overspeed moves outward sufficiently 
fur to trip the mechanism which holds open an emergency closing valve. 
This in snapping closed almost instantly cuts off the steam supply. This 
wverspeed governor can also be tripped by hand. The nozzles and 
\iludes (buckets) are of stainless steel, the casing is of steel and the spindle 
is made from a steel forging. Turbines such as this when supplied with 
\\igh pressure steam frequently operate at above atmospheric back pres- 
sires and deliver exhaust steam for feed-water heating or process work. 
One such turbine, supplied with 550 psig steam at 500° F, exhausts at 
\) psig and drives a 280 gpm, 4-stage boiler-feed pump at 4000 rpm. 

218. Re-entry Type of Velocity 
Compounding.—Figure 120 shows 
in diagrammatic form the method 
al velocity compounding used for- 
inorly on smaller size Westinghouse 
lurbines. In these turbines only 
mnie rotating blade wheel is used 
snd the steam after passing through 
the blades enters a reversing or re-entry chamber from which the steam 
ls redirected into the moving blades. 

219. Multi-Stage Impulse Turbines.—Large enthalpy drops (pressure 
enthalpy ranges) in either simple single-stage or in velocity-compounded 
\irbines give high steam velocities. This leads to undesirably high blade 
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Fria. 120. Nozzles and Reversing Chamber 
Used in Small Westinghouse Turbines. 


snd rotative speeds in the turbine, necessitating gearing or indirect drive 
snd bringing up difficult design problems. High steam velocities cause 
larwe friction losses in the blades. In order to reduce turbine speed and 
luce losses it is customary to build multi-stage turbines in all but small 
ives. In multi-stage turbines the steam expands through only a small part 


of \is total range in the nozzles of each stage. Each row of blades follow- 
iw « row of nozzles utilizes the velocity generated and the steam passes 
li « succeeding stage where the process is continued. A single row of 
jovslos with a single row of blades is called a simple-pressure stage or 
jtuteau stage. A row of nozzles followed by two rows of moving blades 
(with a row of guide blades between them) is called a velocity stage, 
yelocity-compounded stage or Curtis stage. Both of these types are 
jwod in impulse turbines. 

I‘iwure 121 shows an axial or radial section through a multi-stage 
(enoral Electric turbine. The first stage, shown at left of the figure, is a 
yelocity-compounded or Curtis stage with two rows of moving buckets 
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or blades for a single row of nozzles. In the nine succeeding press 
stages there is a single row of rotating blades for each row of nozzles. 

In the first stage the steam receives its largest pressure drop and 
enters the first row of moving blades with its highest velocity. Th 
high velocity is reduced in two steps in passing through the two rows ¢ 
moving blades on the first wheel and the steam leaves the second row 
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Fie. 121. Plan View of Nozzles and Buckets (Blades) of a Ten-Stage General Blow 
‘urbine. 


a low velocity. In the second row of nozzles the steam is again accel 
ated, by the enthalpy release, associated with the pressure drop, to 
high velocity. This is lower than the entering first stage velocity. In 
single row of moving blades which the steam enters after leaving th 
nozzles the steam is again brought nearly to rest. 
The cross-sectional area required to permit the steam flow through t) 
blades is set by steam velocity, by the blade angle, by the pitch betw: 
adjacent blades and by the height of the blades themselves. The bl 
radius is considered the radial distance from the axis of the turbine shaft 
the mean height of the blades. The increase in area of steam passage 
the first stage (velocity compounded) is required because the velocity 
creases as it progresses through the moving blades, and because friel) 
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in all the blades also decreases the velocity and causes an increase in 
specific volume of the steam flowing. Notice also that each following 
stage has an increased area over the preceeding required on account of the 
increased specific volume of the steam. This increase occurs from two 
muses: first, the great increase associated with decrease of pressure, 
socurring in the nozzles; second, and much smaller, that associated with 
(he heating effect of friction, occurring mainly in the blading. 

In the first stage of the turbine the nozzles do not usually extend 
svound the whole blade periphery but one or more small banks of multi- 
ple nozales as illustrated in Figs. 122 and 123 cover a portion of the blade 
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Fic. 122. Nozzle Bank and Blades from General Electric Turbine. 


‘ing giving partial admission. After the first few stages in a turbine, 
wimission is complete. This use of nozzle banks aids in governing as at 
« light load perhaps but one bank need be supplied with steam. Fig. 123 
shows a bar-lift valve gear where under the action of the turbine governor 
ihe control valves are lifted in sequence by the operating cylinder. The 
vil for governing operation is supplied by the lubricant pump and the 
sylinder pilot valve in lifting permits oil to flow through the ports into 
{iw space under the main piston in the cylinder. When the governor 
*aines the pilot valve to drop, the ports open the under side of the cylinder 
io the return (low-pressure) side of the lubricant system and the valves 
(hon close off steam from the nozzle banks. The high-pressure oil line 
ls connected to supply oil to the cylinder pilot valve and the return low- 
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pressure oil line surrounds the high-pressure line. In the position shown 
the bar lift has opened two nozzle banks fully to the steam supply an 
one is partly open. The speed governor at the lower left operates th 
governor pilot valve which sends oil to or from the small cylinder whie 
operates the governor linkages. 
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Fra. 123. Governing System of General Electric Turbine Employing 
Bar-Lift Valve Gear. 


The portions of the turbine which carry the nozzles in an impu 
turbine are called diaphragms because a pressure difference exists acre 
each of these in the turbine. Some steam leakage can take place aroul 
the base of the diaphragm where it comes close to the shaft, whieh 
must clear to permit unrestricted turning of the shaft. The labyrin 
(multiple-thin-ring) steam seals of the diaphragms can be seen next 
the shaft in Fig. 137. 

Figure 124 is a view of the shaft and wheels of a ten-stage condensl 
General Electric turbine of 1250-kw capacity. The high-pressure end § 
to the left. The velocity-compounded stage receives dense steam and | 
short blades. At the low-pressure end the specific volume of the steam 
great and long blades are required to give the needed flow area, 
nozzle diaphraghms which fit between the blade wheels cannot be sh 
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Fic. 124. Rotor of a 1250-kw Ten-stage General Electric Turbine. 
(Courtesy of General Electric Co.) 


Fig. 125. Display of General Electric Buckets (Blades). 
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ii this picture. Fig. 125 shows various sizes and shapes of blades 
(buckets) used in impulse turbines. 

‘This type of turbine is built in single-cylinder units larger than 100,000 
hw and in compound units larger than 200,000 kw. 

220. Reaction Turbines, General.—Figure 126 shows diagrammatic 
*clions through a reaction turbine, showing the fixed blades attached to 
the casing, and the moving blades attached to the rotating drum. 

Investigation of the blading shows that in each case the passage is re- 
(lived in cross-section as the steam passes through the blades, and the 
lirection of the steam path changes from nearly axial to nearly tangential. 
Nuch passage, whether in fixed blades or moving blades, is, therefore, a 
twwzle, and the steam drops in pressure and acquires velocity as it passes 
\hvough each set of blades. The corresponding pressure and velocity 
*lunges also are shown. 

In passing through the stationary blades the steam current is turned 
toward the direction of rotation of the moving blades, and it acquires a 

























velocity greater than the peripheral velocity of the moving blades. In 
Miloring the moving blades a portion of the process is the equivalent of 
(ie impulse turbine with the fixed blades performing the same function 
4 tut the nozzles in the diaphraghm of the impulse turbine do. However, 


{he velocities used are lower and the steam enters the moving blades with 
its relative motion nearly axial. 

‘The passages in the moving blades are in a nearly tangential direction 
# exit and are pointed backward, so that the steam in expanding (drop- 
























STEAM SFIXED BLAD ping in pressure) leaves the mov- 
—| a tie blades with an increased rela- 
INLET 1} ys live velocity in the reverse direc- 
finn about equal to the blade 
speed, and an absolute velocity, 
Which is small. The changes of 
fWiuenitude of absolute velocity 
tiling place as the steam passes 
Hivough the fixed and moving va 
) | Hludes can be seen in Fig. 126. Fia. 127. Westinghouse Reaction Blad- 
7 Heiniled blade analyses are made Pong ea he ory} her agg ae 
| ii the next chapter. 
l'iwure 127 shows a few Westinghouse reaction blades and one method 


teed for attaching them. Reaction blades may run from less than an 
fieh in length in the high-pressure section to more than 38 inches in 
leith in the low-pressure section. 


TO CONDENSER 


Fie. 126. Reaction Turbine Sections, Pressure and Velocity Variations Indicated 
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Reaction turbines are sometimes known as Parsons’ turbines aft 
Sir Charles Parsons who was influential in developing them early in 
century. 

221. Reaction Turbine Details.—The perspective view, Fig. 1 
shows a small Westinghouse turbine with the cover removed. The larg 
disk at the left is the balancing piston, and is explained in Sect. 22 


_ } 


Fic. 128. Westinghouse Impulse-Reaction Turbine. 


The flow of steam is from left to right. The next large disk with a do 
row of blades, forms the first stage, which is a two-row impulse elem 
High-pressure steam is admitted to a steam chest integral with the cas 
This delivers the steam to nozzles which discharge it into the first ro 
impulse blades at the left. After passing through the first row of m 
blades, a row of guide blades redirects the steam into the second row 
moving blades on the same disk. The ring which supports the ¢ 
blades is formed partly in the cover and partly in the base. A small fj 
tion of it may be seen in the base between the impulse blading. 
steam next passes through thirty four rows of reaction blades and 
to the large exhaust passage shown to the right. The condenser is} 
mediately below. 

The impellers near the left end of the shaft deliver oil to the hydraw 
governor. The overspeed trip is located at the extreme left end of 
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shaft. To the right of the impeller is seen the Kingsbury thrust bearing 
‘0 be described later. Then comes one of the two main bearings, the 
other being next to the coupling at the other end of the rotor. 

Figure 129 is a view of the complete rotor of this reaction turbine. 
‘The 34 rows of reaction blading with the double-blade row, velocity-com- 
pounded element are clearly evident. Next to this impulse element is 
the dummy piston. The small ring next to the dummy piston forms the 
jolating part of the centrifugal water impeller used in sealing the turbine 
from leakage of air or steam along the shaft. The main journals are 
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Fia. 129. Rotor of Westinghouse Impulse-Reaction Turbine. 
(Courtesy of Westinghouse Electric and Mfg. Co.) 


foting in the blocks. The small disk or collar toward the left is for a 
\\ingsbury thrust bearing. The small paddles near the left end of the 
shaft form part of the combined oil pump and governor. Oil from this 
pump at 60 to 100 psig pressure operates pistons whose movement governs 
turbine speed by regulating the amount of steam admitted. Part of this 
vil at reduced pressure is used for lubrication. 

‘igure 130 shows an impulse-reaction type of steam-turbine for 
Hperation with 1200 psig, 900° F inlet steam with exhaust at 260 psig. 
‘This turbine operates as a superposed or topping turbine. In connection 
with existing, moderate-pressure plants, such units, supplied with steam 
from their own high-pressure boilers, develop power while reducing the 
sloum pressure to that of the existing plant. The exhaust steam from 
(ho superposed turbine is used to operate some or all of the moderate- 
jremsure turbines in the plant. This arrangement increases the capacity 
0! « given plant and gives the economies attendant with high-pressure 
operation. In general, power stations have not found it economical to 
“i perpose for the sake of increasing efficiency alone but the often desired 
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increase in capacity justifies the superposition. New high-press 
boilers must be bought, to replace the low-pressure boilers of the plant, i 
addition to the high-pressure turbines. 

In Fig. 130 steam enters around the governor control valve a 
passes to the two-row impulse or Curtis stage and thence through 
reaction stages to the exhaust. The moving blades are attached to tl 
solid, forged-steel rotor, at the high-pressure end of which is the dumm 


ig 











Fra. 130. Westinghouse 35,000-kw High-Pressure Steam Turbine. 
(Courtesy of Westinghouse Electric and Manufacturing Co.) 


piston. Provision is made for independent expansion of spindle 
casing. The handwheel at the right permits axial adjustment of | 
spindle to give an exactly correct location of the spindle, with respect 
the stationary cylinder, when the turbine is hot. The turning gear at 
top left is used for rotating the unit during starting or stopping periods 
prevent warping of the spindle from uneven heating or cooling. § 
are usually turned at from 14 to 3 rpm by such gear. 

Figures 131 and 132 show a 35,000-kw, tandem-compound turbi 
Steam is supplied to the unit at a pressure of 800 psig and a temperat 
of 850° F. The exhaust is at 29 in. Hg vacuum. The high-pre 
section (Fig. 132) which is similar in construction to the unit of Vig. 
consists of a 2-row impulse (Curtis) stage, and 21 reaction stages. St 
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jusses from the high-pressure turbine, through the cross-over pipe, to the 
double-flow low-pressure turbine (Fig. 131). Here steam enters at the 
wenter and passes to its two ends through stages which are all of the 
toaction type. This symmetrical arrangement eliminates axial thrust 
wnd the need of dummy pistons in this section. 

The casing construction employed permits free expansion under the 
large temperature variations which can occur. Provision is made for 
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Niu, 131. Double-Flow, Low-Pressure Turbine. Fic. 132. High-Pressure Turbine. 
Westinghouse Tandem-Compound Steam Turbine. 








‘raining water from the steam at points between some of the final stages. 
\ turning gear is also provided on this turbine for use during starting and 
stopping. The generator coupling can be seen between the two bearings 
on the left. Steam is extracted for feed-water heating from the high- 
jironsure turbine at four locations and after the fourth low-pressure stage. 

‘The moving blades of drop-forged stainless steel are fastened to the 
foluting spindle and the fixed blades to the casing or to the blade rings 
from the outer casing. 

222. Dummy Pistons, Kingsbury Thrust Bearings.—In reaction tur- 
lines there is a decrease in pressure from the inlet to the outlet side of 


each row of moving blades. The differential steam pressures acting on 
‘he outer annular area of the rotor drum and blading creates a thrust 
#1 the drum. The low-pressure steam at condenser vacuum acting on 


the end of the drum cannot balance the thrust created by the higher steam 
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pressures acting on the projected blade and drum area. ‘To equalize 
unbalanced thrust a dummy piston or pistons (also known as balan: 
pistons) are used. These are simply annular steps attached to the ro 
drum to which steam is led from various pressure sections of the turbir 
The different steam pressures acting on these properly designed step are, 
balance the end thrust on the drum and shaft. 

In Fig. 132 the dummy piston appears at the right of the high press 
rotor just before it decreases in size to extend out from the turbine 
become the shaft. A connection from the exhaust of the high press 


\rivial amount flow of high pressure steam, from the left side to the right 
vide of this rotating balance piston. 

It is evident that pistons could be made to balance thrust for one given 
wt of load conditions. For balancing the varying load conditions which 
exist, thrust bearings are put on the shaft to supplement the dummy 
piston balancing and to fix the axial position of the rotor. Kingsbury 
iirust bearings are usually employed. Such a bearing consists of a 
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I'1a, 184. Combined Journal and Thrust Bearing of Allis-Chalmers Turbine. 


Fia. 133. Allis-Chalmers, Double-Flow, Impulse-Reaction Turbine. 
(Courtesy of Allis-Chalmers Corp.) 


turbine to the right side of the dummy piston can be seen for equal 
the thrust. 

In Fig. 133 the dummy (balance) piston of an Allis-Chalmers turh 
appears as the enlarged section of the rotor just to the right of the 
admission point for the two-row velocity stage. The steam connoeth 
from the exhaust of the high pressure turbine can be seen leading to 
right of the dummy piston. Only the high pressure turbine with 
twenty-eight reaction stages following the two-row impulse stage requl 
a dummy piston to balance thrust. The double-flow, low-pressure 
bine with six stages in each direction automatically equalizes the th 
A labyrinth packing at the periphery of the dummy piston reduces 


flange plate or collar attached to the shaft and a series of trapezoidal- 
suped wedge blocks or shoes pivoted to a flange which is attached to 
jhe frame. The thrust is transmitted from the flange to the thrust 
locks. These are so pivoted that oil is drawn in at the edge of the blocks 
vnd distributed over the whole surface of the blocks. Bearing pressures 
of 600 psi are used without difficulty. A similar set of blocks and flanges 
wre built to take the thrust in the other direction. Fig. 134 shows in 
detail the combined journal and thrust bearing assembly located at the 
jnlot side of the turbine of Fig. 133. Oil under pressure enters at the 
holtom and passes through passageways to right and left where it sup- 
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plies the Kingsbury bearing blocks, 12. The two sets of blocks (sho 
are arranged so that thrust in either direction can be taken. The tra 
zoidal form of the pivoted blocks is clearly shown in the left hand sket 
Oil for the journal enters from the same supply used for the thrust be 
ings. Provision for lateral adjustment of the bearing is provided 
turning the adjusting screws, 2, which move the whole bearing assemb 
in the plane of the center-line of the shaft. Oil discharges from ft) 
bearing, at the top at the thermometer well, which is thus flooded wi 
oil. The blocks and journal bearings are hard, tin-base babbitt. Tf 
starting operation a pump is used which supplies high pressure oil 
1000 psi through 14 to the journal. This pressure is sufficient to fo: 
an oil film between the journal and bearing and prevent metallic cont 
at any time before the main lubrication system is completely functioni 
The thrust collars are machined as part of the main shaft. 

223. Allis-Chalmers Reaction Turbine.—The turbine of Fig. 1 
mentioned in the preceding section, is a combined impulse-reaction t; 
although many turbines made by this company are exclusively reacti 
type without use of the two-row velocity stage wheel at high press 
steam inlet. This particular unit runs at 3600 rpm, develops 35,000 
and operates with steam supplied at 1290 psig at 925° F with exhaust 
29 in. Hg vacuum. Turbines are frequently built as this onein tand 
form with the low-pressure unit on the same shaft and both thus coupl 
directly to the generator. The use of a double-flow, low-pressure U 
equalizes thrust in reaction turbines and permits double the cross-seeti 
for handling the enormous steam volume which passes through the | 
stage under high vacuum operation. Single-flow in the low-pressil 
part of the turbine is used by turbine builders if the low-pressure unil 
not separate. Provision for extraction of steam for feedwater heating 
made at three points on the high-pressure turbine. 

224. The Terry Turbine.—This is a simple type of a single-pral 
stage, velocity-compounded impulse turbine. The rim of the rotatl 
wheel has many semicircular buckets milled out, with the planes of 
buckets nearly tangential. 

As shown in Fig. 135, the steam, after expanding in the nozzle fr 
the boiler pressure to atmospheric pressure, issues from the nozzle ab 
high velocity and passes around the wheel bucket, where it is turn 
through 180°, exerting a forward thrust on the bucket while it is be 
reversed. 

The steam leaving the moving bucket enters a semicircular rever 
chamber in the casing where it is redirected onto the wheel. It p 
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(hrough a second bucket, going again to a reversing chamber in the casing. 
During each passage through the bucket, the steam velocity is greatly 
reduced, and after the process is repeated several times the steam finally 
passes off into the casing with its energy nearly spent. 





Fie. 135. Steam Flow in Terry Turbine. 
(Courtesy of Terry Steam Turbine Co.) 


\‘igure 136 is an axial section through the turbine. A throttling 
yovernor, controlled by centrifugal force, admits the amount of steam 
joquired to keep the speed normal against any load resistance. 

225. Mixed-Pressure and Extraction Turbines.—In addition to the 
jejuirement of power to drive machinery, many plants also need large 


#mounts of steam at about atmospheric pressure for heating. If the 
lemand for atmospheric-pressure steam or process steam were continuous, 
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ufter it has expanded through one or more stages, at selected stage points, 
90 that steam at the desired pressures is obtained. Fig. 137 shows a 
double-extraction type condensing turbine with provision made for 
bleeding (extraction) following the fourth stage and after the ninth 
stage. Such a turbine must be governed to maintain its speed essentially 
constant and carry the varying power load while at the same time main- 
\uining the required extraction point pressures. The governor is cross 


a high-pressure turbine exhausting at atmospheric pressure could 
installed to furnish power and its exhaust steam could be used for heati 
thus obtaining the power at trifling cost. 

If the amount of steam used for heating is fluctuating, a surplus 
low-pressure steam will be available during part of the time. This m: 
be used to operate a condensing turbine. By greatly increasing the wo 
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Nia, 137. Fourteen-Stage, General Electric Double-Automatic-Extraction 
Steam Turbine. 


linked so as to be responsive to speed changes and at the same time is tied 
iii with two pressure governors actuated by the pressures at the bleeder 
wullets. An increase in power load would call for more steam through the 
whole turbine and thus the high pressure and both lower pressure valves 
ist open wider. On the other hand an increased extraction demand at 
wonstant power load would require the high pressure valve to open but 
the lower pressure valves would close sufficiently to bring extraction 
jivonsures to the desired point. 

l'xtraction for feedwater heating is common in power-plant operation 
wad is analyzed in detail in connection with the power-plant heat balance. 
Nxtraction points are clearly shown in the turbine of Fig. 133. In 
justification of extraction feedwater heating it should be noted that from 
the steam passing to the condenser all of the enthalpy in this steam is 


obtained from each pound of high-pressure steam, the condensing turb 
will save high-pressure steam at such periods. 
A mixed-pressure turbine may be used where there is ordinarily ay. 
able a supply of low-pressure steam large enough to develop all the po 
required by using a condensing turbine. On the occasions when 
supply of low-pressure steam partially or entirely fails, a high-pr 
steam turbine on the same shaft is brought into action by the gove 
Extraction or bleeder turbines are used to advantage in indust 
plants where steam at various pressures is required for process work 
also in power-plant operation for heating feedwater. In an extra 
turbine, provision is made for withdrawing steam from the turbine 
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dissipated to the condenser circulating water with the exception of 
small enthalpy remaining in the condensate. However, from the 
tracted steam no heat is wasted as it is all absorbed by the boiler feedwai 
and thereby decreases the heat which must be supplied to the boi 
from fuel. Less work is delivered by each pound of steam extracted fr 
the turbine and thus for a given load output more steam per hour p 
into an extraction turbine than is required by a similar non-extrac 
turbine for the same power output. 

226. Turbine Losses.—These may be summarized under the follow 
general headings: 

(a) Steam leakage occurs in the following ways in the different ty 
Some leakage occurs at the shaft glands, or packing. In the imp 
type, leakage occurs between stages through the diaphragm packing 
the shaft. In reaction turbines leakage occurs through the tip clearan 
of the blades. Leakage causes a loss of from 2 to 7 per cent of the av 
able energy 

(b) Nozzle losses caused by friction and turbulence are small in 
designed nozzles but may run from 2 to 20 per cent of the available ene 
An average value may be taken as 6 per cent. 

(c) Blade losses caused by friction and turbulence account for f 
8 to 25 per cent of the available energy. High steam velocities and ab 
changes in direction serve to create the greatest losses in this res 
Velocity-compounded stages usually show the highest loss in blade frie 
and turbulence, but inasmuch as a velocity-compounded stage can rep» 
several reaction or pressure-compounded stages its loss may not 
greatly from the losses of the several stages of other types it repl 
The main reason for building the multi-stage turbine is to lower the s 
velocities. Recent applications of aerodynamic theory to the design 
blades have greatly improved blading performance. 

(d) Rotational losses are caused by the friction between the blades 
rotating parts of the turbine turning in the steam. The fanning loa 
idle blades in the high-pressure section of some turbines, where sti 
being admitted at only a part of the blade circumference, may be 
siderable. Disk friction occurs when the disks supporting the bl 
churn around in the steam. ‘These losses are negligible for reaction 
bines but may run from 2 to 6 per cent of the available energy in im 
turbines 

(e) Bearing and external losses amount to from 0.4 to more th 
per cent of the available energy. 

(f) Residual Velocity Loss.—The velocity of the steam leaving 
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laut, stage of the turbine cannot be recovered and the loss due to residual 
velocity amounts to from 1 to 7 per cent of the available energy. In a 
(nulti-stage turbine the velocity from each earlier stage is partially re- 
eovered in a following stage. 

(g) Radiation loss in the turbine is relatively negligible, amounting to 
lous than 1 per cent of the available energy. 

227. Stage Efficiency.—For the steam conditions applicable to a given 
‘luge in a turbine, the isentropic enthalpy drop is ideally available for 
work. Because of losses, only part of the isentropic enthalpy drop is 
lurned into work at the shaft, the remainder continues in the steam and 
jwuses on to the next stage. The ratio of the work delivered to the shaft 


ii « given stage to the isentropic enthalpy drop for that stage is called 
ilage efficiency (e,). 


ae Btu work delivered to shaft per stage 
* ~ Btu isentropic enthalpy drop for that stage 





lor large turbines, stage efficiencies as high as 82 per cent occur in the 
Wiperheat region. In the wet region stage efficiency is decreased about 
|.15 per cent for each one per cent increase in average moisture content in 
i wiven stage (Blowney and Warren, A.S.M.E. Trans. 1924). In smaller 
l\irbines, stage efficiencies are considerably less than this. The total work 
(lelivered to the turbine shaft by all of the stages divided by the total isen- 


tropic enthalpy drop is called internal efficiency (e;). The amount of 
*hergy rendered unavailable in one stage and passed on to the next and 
sicceeding stages where it becomes partly available is called reheat. Be- 


dune reheat, passing to each succeeding stage, makes a little more work 
iyuilable per stage, the internal efficiency of the entire turbine is slightly 
higher than the average stage efficiency. 


Cie, 


i’ is called the reheat factor and ranges from 1.0 to about 1.2. For a 
single-stage turbine, its value is unity. For multi-stage turbines its value 
jnereases with the number of stages and with decrease in the value of stage 


iliciency. There is little further increase in the value of the reheat factor 
when the number of stages exceeds 15. 

‘The effect of reheating in the stages of a turbine results in an increase 
if ‘he entropy and enthalpy of the steam entering the condenser. Re- 
fevving to the hs diagram of Fig. 138 the full line AC is called the condi- 
fion curve and represents the state or condition of the steam as it passes 


through the successive stages of the turbine. The amount by which the 
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Solution.— 
(a) px. = 115, 5, = 1.5912 hy 1189.7 Btu, from Steam Tables. 
py = 45, Sx = 1.5912 he, = 1116.2 Btu, after isentropic expansion from inlet 


enthalpy at C is in excess of the isentropic enthalpy at B indicates 
effect of losses within the turbine. This does not include external be 
loss and generator loss. The ratio of the lengths W; to W, is the inte 






efficiency considering residual velocity loss (from C to D). ieee conditions. 
Ist stage isentropic h drop = 73.5 Btu. 

& Work realized in Ist stage = 73.5 X 0.58 = 42.6 Btu. 
4 Work rendered unavailable = 73.5 X (1 — 0.58) = 30.9 Btu. 
ra ()) h of steam entering 2d stage = 1116.2 + 30.9 = 1147.1 Btu. 
B Corresponding s at 45 psi for this h = 1.633. 
e At 45 psi, 82 = 1.633 hy = 1147.1 Btu. 
10 At 15 psi, ss = 1.638 h; = 1068.4 Btu. 


2nd stage isentropic h drop 78.7 Btu. 
()) 78.7 X 0.53 = 41.7 Btu to work in second stage. 
i!) ‘Lotal work realized in the two stages = 42.6 + 41.7 = 84.3 Btu per lb steam. 


Isentropic h drop from 115 to 15 psi for ideal turbine, with s = 1.5912 is 149.4 Btu 
by Mollier chart or calculation. 


- 
=} 
So 
t=) 

ll 


600 











492 ; Eh work realized pe ge 
pees Internal efficiency = e; = isentropic enthalpy drop ~ 1494 56.48%. 
_ workrealizedin2stages __— 8448 84.3 
ae ¢, = average stage eff = available in 2stages — 7354787 ~ 1522 °-997%- 
U «= Res 
Of 2 56.43 e. 
0 0.2 0.40.6 0.8 1.0 1.21.4 1.6 1.8 ie tae as “3 R= ne 1.019 reheat factor, 
Entropy, s TT 
mead — a work available in 2 stages _ 73.5 + 78.7 _ 4 19 
1G. 138. 7's and hs Diagrams Showing Reheating in a Turbine. ‘= Work available by isentropich drop 1494 ~~‘ 


if) Wngine eff of turbine = enp = e: X 0.9 = 50.8%. 
lngine eff based on delivered kw = €kw = enp X 0.9 = 45.7%. 


Ileat to work per Ib of steam = (Isentropic h drop) X (éiw) = 149.4 X 0.457 
= 68.3 Btu per lb of steam, realized at generator 


Because of the losses there is an entropy increase, As, shown on 
the hs and 7's diagrams. On the 7's diagram where irreversibilities 
as above described, no area can be named which indicates the 


it] 


developed but the area BDS,S, indicates the energy rendered unay terminals. 
because of the losses. eae 
Lb of steam per kwh = 633 — 50.0. 


Exampte 1.—A 200-kw, two-stage, velocity-compounded turbine i 
dry steam at 115 psia and exhausts at 15 ak The pressure at peer Py 
stage is 45 psia. The stage efficiencies are respectively 58 per cent and 53 per 
Find: (a) The isentropic enthalpy drop in first stage and the heat rendered unay 
(b) the h of the steam entering the second stage, the isentropic enthalpy drop for 
stage considering the reheat received from the previous stage; (c) the heat conve 
work in the second stage; (d) the internal efficiency; (e) the reheat factor; (f) the 
asta hoe aie bere on brake horsepower, if 90 per cent of the internal 0 
; zed at shaft; (g) actual engine efficiency an rmal i 
kilowatts if generator efficiency 5 90 per pr pi poapiee fe 


————_—————————— 


‘Thermal eff based on delivered kw = (189.7 — 181) = 50.0(1189.7 — 181) = 


228. Engine Efficiencies (Rankine Efficiency Ratios) for Turbines.— 
Iteheat factor, stage efficiency, and internal efficiency are of value in 
analyzing turbine performance, in finding steam conditions throughout 
expansion, and in design. The actual performance of turbines is usually 
expressed in terms of heat rates, thermal and overall engine efficiencies 
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based on delivered kilowatt output or on delivered horsepower. F 
units above 10,000-kw, engine efficiencies based on delivered kw run fr 
about 70 to more than 82 per cent, being higher in the larger sizes 
also higher for lower steam pressures, as can be seen in Fig. 139. F 
units from 1000 kw to 10,000 kw running condensing, engine efficienci 
average from less than 60 to more than 75 per cent. For units sm 
than this and for non-condensing units engine efficiencies run from 30 
60 per cent, the lower values holding for the smaller sizes. 
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Fra. 139. Overall Engine Efficiencies and Generator Efficiencies for Large 
Generator Units. Engine efficiencies based on 300 degrees of superheat, 4 per 


taal . : : 
ee vale i and 1.25 per cent mechanical loss. Full lines at 1800 rpm 


(From Warren & Knowlton, ASME Trans. 1 941.) 


Overall engine efficiencies on turbines include the generator losses 
mechanical losses external to the turbine. The steam leaving the tur 
annulus after the last stage also carries with it the residual velocity (i 
haust) loss which dissipates into increased enthalpy of the steam ente 
the condenser. These velocities range from some 100 to 1000 fps 
range in magnitude from 1 to 7 per cent of the available energy with 
value of about 4 per cent being representative for conventional dew 
full-load operation. At part loads the percentage is less. 

Exa — - — i i 
psia at S00? F exhausting at 1 icy fp abe tian ee aoe a efticioncy of 78 pan 


ased on delivered kw under rated load with non-extraction operation. The gen 
efficiency is 98.8 per cent, the mechanical loss 0.5 per cent of the available onetell 
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idual velocity loss 4 per cent of the available energy. Find: (a) the internal efficiency, 
()) the enthalpy of the steam entering the condenser, (c) the theoretical internal effi- 
vioncy, Le. internal efficiency corrected for residual velocity loss. For 50,000 kw de- 
livered find: (d) the steam rate Ib per kwh delivered, (e) the steam flow, lb per hr, (f) 
(he generator loss in kw, (g) the mechanical loss in kw and in hp, (h) express the mechan- 
jal loss in per cent of delivered kw. 


Solution.— 


(4) The overall engine efficiency includes generator loss and mechanical loss. Internal 
efficiency, which is based on the work delivered by the blading to the shaft com- 
pared to the isentropic work available is found from overall engine efficiency after 
modifying by generator and mechanical losses, thus: 


. - ee 
* (0.988) (1-0.005) 


(h) Irom the Mollier (hs) chart the isentropic enthalpy drop is (1410.1-864.0) = 546.1 
Btu per lb. Use of the internal efficiency (e;) shows that 546.1 < 0.794 = 433.5 
Btu are converted into work at the shaft of the turbine. 


inthalpy of steam entering condenser 1410.1 — 433.5 = 976.6 Btu per lb. Ans. 


= 0.794 = 79.4% internal efficiency. Ans. 


) If the residual velocity (exhaust) loss were eliminated the resulting theoretical in- 
ternal efficiency (ei:) would necessarily be higher and in magnitude could be found 

oF Ci _ WA 
“(1 = residual vel. loss) — 1 — 0.04 


‘The energy turned into mechanical form from the steam is thus: 


§46.1 X 0.827 = 451.6 Btu and the enthalpy of the steam leaving the last blades is 
1410.1 — 451.6 = 958.5 Btu per Ib. 


Note that the mechanical energy associated with the residual velocity quickly 
dissipates into increased enthalpy to give the value of 976.6 Btu per lb found for 
the steam entering the condenser. 





= 82:7 1 Ans: 


i) The overall steam rate = Hee oR = 8.01 lb perkwh. Ans. 

(y) 8.01 X 50,000 = 400,500 Ib per hr steam flow for 50,000 kw delivered. Ans. 
{/) Generator loss = po — 50,000 = 50,600 — 50,000 = 600 kw. Ans. 

(vy) Mechanical loss = beeen x Bin avaiable X loss ratio 


= 400,500 < 546.1 X 0.005 = 1,094,000 Btu per hr 


1,094,000 _ 1,094,000 _ 
“343 320 kw or a gina 430 hp. Ans. 
(4) Mechanical loss = pe X 100 = 0.64% of rated kw. Ans. 
50,000 ee 5 
I should be noted that mechanical loss is invariant with load delivered and that in 


general a value of 0.6 per cent of rated load is representative for large turbo- 
generators at any load. 
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As it is frequently necessary to know the form of the condition cu 
on the hs diagram, a method of drawing this will be indicated on Fig. 1 
The internal efficiency must be known to locate point D. When t 
residual velocity loss, computed as a known percentage of the isentrop 
enthalpy change, is subtracted from D, the end point C (the enthalp 
leaving the last blades) results. On the straight line from C to A, t 
point H is found by measuring from A 25 per cent of the length A 
Bisect the length HC yielding K and locate L at 6 Btu below K measuré 
on a constant pressure line passing through K. The state curve is abot 
the straight line from A to H and below from H to C smoothly pass 
through A, H, Land C. This arbitrary method has been found to 
a very representative non-extraction condition curve and can be used 
find enthalpy values or properties of steam in a turbine at any pol 
Even though this isa no 
extraction curve it can be wi 
with little error to give 
enthalpy steam will have 
an extraction point. For } 
cise work under light low 
and resulting partial s 
flow it should be realized 1 
it is desirable to construé 
similar condition curve 
appropriate values of o 
engine efficiency. 

229. Turbine Perf 
—As has been pointed 
engine efficiency of tur 
runs from less than 30 tof 
than 82 per cent, with 
higher efficiencies holding 
the larger sizes. Fig. 1801 
cates representative values for large turbines. In stating thermal 
ciencies or heat rates of turbines the full significance is not realized ut 
the operating conditions are also specified. For example, if other than 
degrees of superheat exist in Fig. 139, the efficiency read should 
multiplied by 0.93 for 0° superheat, by 0.96 for 100°, by 1.02 for 
and by 1.03 for 500°. 

The performance of turbo-generators is most usually expre 
terms of weight of steam required per delivered kwh or in terms of 
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wed per delivered kwh. When generator efficiency is known turbine 
lost results can be carried back to the turbo-generator coupling. Gener- 
lor efficiencies vary with fractional loads, being less at partial loads. 
\'\iw. 139 gives generator efficiencies for large hydrogen-cooled generators 
at full-load conditions. At half-load the efficiency is about 97 per cent 
of the full-load efficiency. For small A.C. generators of 500 to 5000 kw, 
olliciencies range from about 93 to some 96.5 per cent. 

230. Turbine Steam and Heat Rates.—The steam rates of smaller 
wupacity turbines, 500 to 7500 kw, can be closely estimated with the help 
of Vig. 140, and Fig. 141, for condensing conditions; and after preliminary 
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Fic. 141. Theoretical Steam Rate Factors, Condensing Operation. 


(Courtesy General Electric Co.) 


somputation by Fig. 142 for non-condensing conditions. The theoretical 
sloum rate of any turbine in lb per kwh is found by determining the 
jwntropic enthalpy drop (hi — hy), for the inlet and exhaust conditions 
of the turbine and dividing the heat equivalent of the kwh‘ (3413 Btu) by 
(hin factor gives the theoretical steam rate. With this steam rate known, 


jo is made of Fig. 141 or 142 to obtain an estimate of the actual steam 
hale 


I)xAmpLe 3.—A 1500-kw steam turbine generator is supplied with steam at 205.3 

“ie at 500° F total temperature and exhausts at a 27.94 in. Hg vacuum referred to a 

I ‘1 in, Hg barometer. Find (a) the steam rate at full load and half load, and (6) the 

‘uial steam required per hr under these conditions; (c) compute conditions (a) and (6) 
above for a similar turbine under non-condensing operation exhausting at 5.3 psig. 


NSolution.— 
(a) py @ 205.8 + 29.94 X 0.49 = 220 psia. 
h, « 1266.7 Btu at 220 psia and 500° F with s, = 1.6117. 
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Using the methods of Sect. 78 or the Mollier chart, the final enthalpy hz af 

isentropic expansion to (29.94 — 27.94) i.e. 2 in. Hg abs results as 900.7 Btu per I 
(hi — he), = 1266.7 — 900.7 = 366.0 Btu per lb. 
3413 
366.0 


In order to use Fig. 140 find first. the degrees of superheat of the supply ste: 
500° F — 389.86° F at 220 psia or 110.1 degrees. 


Using the 205.3 psig extended 4 to meet 110 degrees of superheat, pass horizont 


to 2 in. in condenser and read above this point the theoretical steam rate as 9. 
Ib per kwh. 


Theoretical steam rate = = 9.33 Ib per kwh. 


Using Fig. 141 at 1500 kw, read opposite 205.3 psig the theoretical steam rate fac 
as 1.50 for full load and 1.64 at half load. 


(a) Actual steam rate: 
9.3 X 1.50 = 13.96 Ib per kwh at full load. Ans. 
9.3 X 1.64 = 15.26 lb per kwh at half load. Ans. 
(b) 13.96 X 1500 = 20,900 Ib per hr at full load. Ans. 
15.26 X 750 = 11,400 Ib per hr at half load. Ans. 


(c) For non-condensing operation, the isentropic enthalpy after expansion is 1074 


THEORETICAL STEAM RATE FACTOR 
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Fia. 142. Theoretical Steam Rate Factors, Non-Condensing Operation. 
(Courtesy General Electric Co.) 


, Btu per hr. 
(hy — hz), = 1266.7 — 1074.0 = 192.7 Btu per lb. ae 
Theoretical steam rate = ae = 17.7 lb per kwh. 4 12,000 


From Fig. 142 the factors are 1.47 for full load and 1.75 for half load. 
Actual steam rate: 
17.7 X 1.47 = 26.0 lb per kwh at full load. Ans. 
17.7 X 1.75 = 31.0 Ib per kwh at half load. Ans. 
(b) 26.0 X 1500 = 39,000 Ib per hr at full load. Ans. 
31.0 X 750 = 23,250 Ib per hr at half load. Ans. 
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Figure 139 gives representative values of overall engine efficienci 
and Fig. 143 gives heat rates of three specific steam turbines. 
abrupt changes in curvature indicate variations in the way in whi 
various steam inlets or nozzle banks are cut in or out under varying lo 
It should be realized that heat rates of turbines (Btu per kwh) usual 
give a better index of economy than do steam rates. For example, 
turbine from which steam is being extracted for feed-water heating has 
higher steam rate than one with no extraction but the extraction turbi 
has a smaller heat consumption. Heat consumptions of turbines ran 
from 9000 to 18,000 Btu per kwh in the larger turbines. The small 
size turbines have heat rates usually much higher than the above, of 


BTU PER KWH CHARGEABLE TO TURBINE 


10,000 50,000 80,000 
LOAD IN KW 
liq. 143. Heat Rates of Large Turbo-Generator Units, Extraction Operation. 


| 


running in excess of 45,000 Btu per kwh. In Fig. 144 are shown per- 
formance curves of a small turbo-generator unit. 
231. Turbines, Field of Use.—By far the greatest use of turbine 
power is in the large central station field. Here because of the large 
eapacity which can be built into a single unit and because the high rota- 
live speed adapts the turbine to generator drive, the turbine is pre- 
dominant. Even if water power were developed to a much greater ex- 
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tent than at present, less than one third of the power requirements coul 
be supplied in this way and the steam turbine would still be the outstand 
ing prime mover in the power field. In highly developed hydro-electri 
sections steam turbines play a big part as standby units. 

Steam turbines are used to a large extent for driving centrifu 
pumps both in small sizes and in the large sizes such as are used in pum: 
ing stations. Turbines are also used to drive low-pressure refrigeran! 
compressors of the centrifugal type. In the field of transportation i 
creasing use is being made of turbines for ship propulsion and turbi 
locomotives are also being manufactured. 


PERFORMANCE CURVES ia 
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Fie. 144. Performance Curves of Small Turbo-Generator Unit. 


232. Ship-Propulsion.—The steam engine which was formerly 
great importance for ship propulsion is giving way to the Diesel e 
and the steam turbine. Fig. 145 shows representative fuel consumpti 
for the three types of machines with the Diesel showing the best econ 
in its range of capacity. Both the steam engine and the Diesel can 
used with direct drive of the propellor shaft and can be readily reve 
It is customary to furnish Diesel engines with electric or hydraulic @ 
lings between the engine and the propellor shaft to assist in maneuy 
ing and to damp out torsional vibrations if these should arise. § 
above 2000 hp require propellor speeds in the neighborhood of 100 
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Fia. 145. Performance Curves of Various Drives for Ship Propulsion, 
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for best efficiency, particularly with low- and moderate-speed cargo ships 
With higher-speed ships propellor speeds reach and may exceed 250 rpm 
but the great majority of all large ships have propellor speeds in th 
range 85 to 160 rpm. It is thus apparent that steam-turbines, running 
most effectively at speeds from 1500 to 9000 rpm, must use reduction 
gearing or electric transmission for driving the propellors at low rpm. 
The reduction gearing employed, usually of the double helical type, 
remarkably efficient, sometimes reaching 98.5 per cent in single reduction 
gearing and 97 per cent in double reduction gearing. Single-reduction 
gearing ratios seldom exceed 20, with double reduction gearing ratio 
usually in the range of 24 to 46. The effectiveness of reduction gearing, 
has reduced the number of turbine-electric propulsion installations, 
although the latter are used extensively with warship installations, wher 
maneuverability is important, and in the equipment of some large pa 
senger liners. The turbine-generator can always run under efficier 
conditions and reversing is accomplished by electrically changing the 
direction of rotation of the propellor driving motors. 
Figure 146 shows a cross-compound, high-speed turbine unit. Steam 
enters through the nozzle banks (not shown) of the high pressure turbin 
(6159 rpm) and after passing through the succeeding 7 pressure staal 
enters the cross-over pipe to the low-pressure turbine (3509 rpm) where 
in 8 more pressure stages expansion is completed to condenser pressu 
In this particular unit, double-helical gearing is used with the turbin 
speed being reduced in two steps (double-reduction) (763 rpm intermed 
ate speed) to the speed of the propellor shaft (85 rpm). This particul 
unit develops 8500 shp. Reversing is accomplished by building a 
versing element in the low-pressure turbine. This element under fo: 
ward operation merely turns idly in the low-pressure, low-density ¢ 
haust steam so that fanning and disk loss is low. For astern operation 
steam is turned off the supply main and high pressure steam delivered | 
the nozzles of the reversing element. This consists of a 2-row, velocity: 

compounded stage and a pressure stage with blades set to drive 
turbine in reverse. Reversing elements deliver from 30 to 50 per cont 
of forward power giving about half to two thirds speed. 
The steamship America (renamed West Point during the Second Work } 
War) employed three geared turbines driving twin screws at 128 rp 
while developing 34,000 hp. The high pressure impulse turbine ¥ 
3300 rpm with a double-reduction gear ratio of 25.78 to 1 and the inte 
mediate and low pressure turbines used single-reduction, gear ration ¢ 
11.72 to 1. Steam supply was 400 psig at 715° F total temperatu 
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‘l\urbo-generator motor drive developing 130,000 hp was employed on the 
former liner Normandie and on the former aircraft carrier Saratoga 
which developed in excess of 180,000 hp. 

Diesel ships, sometimes employ gearing to reduce the weight of pro- 
pulsion machinery for a given horsepower. It should be realized that 
the weight of a marine Diesel installation may equal or exceed for the 
jume horsepower the weight of a high-speed turbine installation including 
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fra. 146. Cross-Compound Geared Steam-Turbine Unit for Ship Propulsion. 
(Courtesy of General Electric Co.) 


the weight of boilers and all auxiliaries required. For merchant and 
wurgo vessels the weight of complete propulsion equipment in lb per 
shaft. horsepower is approximately: 250 for geared turbines with water 
lube boilers and about the same for large turbo-electric installations; 500 
lor low-pressure, steam engines with Scotch boilers; 300 for geared Diesel 
ongines; and 400 for 2-stroke cycle, single-acting Diesel engines. The 
l\igher economy of the Diesel engine reduces the weight of fuel oil required 
hy it for a given voyage in contrast to steam-driven equipment. At the 
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present time, however, the apparent top horsepower considered f¢ 
Diesel installations runs between 14,000 and 20,000. 

233. The Turbine Locomotive.—Figure 147 illustrates the steam 
turbine locomotive built by the Baldwin Locomotive Works. The loca 


Fic. 147. Baldwin-Westinghouse, Geared Steam-Turbine Locomotive. 
(Courtesy of Baldwin Locomotive Works.) 


Fia. 148. View of Right-Hand Side of Locomotive Showing Forward-Motion ‘Turbl 
(Courtesy of Baldwin Locomotive Works.) 


motive turbines and gears were made by the Westinghouse Wloet 
Company. The forward-motion turbine, shown in Fig. 148, is a ne 
condensing unit consisting of one velocity-compounded (Curtis) @ 
and five pressure stages. It turns at 9000 rpm and develops 6900 
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The turbine pinion transmits its power through a double-reduction gear 
lo the second and third driving axles of the locomotive. The turbine 
produces a maximum of 6550 hp at the rail at slightly above 72 mph and 
produces 5820 hp at 100 mph. The boiler furnace is coal-fired, operating 
wt 310 psig boiler pressure with superheat to 750° F. The economy of 
this locomotive exceeds that of a corresponding reciprocating locomotive 
al speeds in excess of 25 mph and reaches a minimum of 14 lb of steam 
por rail hp-hr at a speed of 70 mph. The tractive effort of this engine 
iw exceptionally good at starting and at speeds above 40 mph exceeds 
jot only that of the reciprocating locomotive but also that of 6000 hp 
Diesel electric locomotives. Below 40 mph the high starting tractive 
effort of the Diesel-electric drive is not equalled. 

Reversing is accomplished by operation of a reverse turbine on the 
loft, hand side of the locomotive and visible in Fig. 147. This turbine is a 
single stage, two-row Curtis wheel and develops 1500 hp when the loco- 
motive is travelling at 22 mph backwards. This turbine is connected 
and disconnected from the transmission gearing by a clutch. The loco- 
motive without tender weighs 580,000 Ib and has four 68 in.-diameter 
ivivers on each side. 


234. Problems.— 


1. A small turbine on test used 1520 Ib steam per hr when developing 49 kw. Dry 
sloum supplied at 150 psia, exhaust at 20 in. Hg vacuum, barometer 29 in. Hg. Find: 
(w) lb of steam per kwh, (6) heat rate, Btu per kwh, (c) thermal eff, (d) engine eff (Rankine 


vyole efficiency ratio). : ; 
2. A 10,000 kw turbine uses 11.4 Ib of steam per kwh, when supplied with steam 
4 825 psig with 150 deg of superheat and at 28 in. Hg vacuum. Find: (a) thermal eff, 


and (b) engine eff for these conditions. 

8. A 300 kw turbine uses 12,000 Ib of steam per hour at full load, and 900 Ib of 
slam per hour at a load of 10 kw. Plot the Willans line from these two points, and 
from this find the steam rates for 50, 100, 150, 200, 250 and 300 kw load on the turbine. 

|. If dry steam in Problem 3 is supplied at 200 psia, and exhausts at a 26 in. vacuum, 
find the thermal and engine efficiencies for the loads indicated. 

5. A 100 kw two-stage impulse turbine supplied with dry steam at 140 psia exhausts 
al 10 psia. Stage efficiency may be taken at 58 per cent. Find: (a) the pressure at 
inlet to the second stage, assuming isentropic expansion in the turbine and equal work 
jwr stage (use Mollier chart); (6) considering stage eff, find the h of the steam entering 
iho second stage and the isentropic enthalpy drop for this stage, allow for reheat from 
previous stage; (c) the heat converted into work in the second stage; (d) the internal 
a. (e) the reheat factor; (f) the engine eff of the turbine, based on delivered hp if 90 
jor cent of the energy delivered to the shaft by the blades is realized at the turbine 
soupling; (g) actual engine eff and thermal eff based on delivered kw if generator eff 
ja 0 per cent. 

6. A 20,000 kw, 3600 rpm, turbo-generator unit is supplied with steam at 605.3 
jwig, 826° F and exhausts at 1 in. Hg abs. Use Fig. 139 to find probable engine and 


woncrator efficiencies. The mechanical loss at rated load is 0.45 per cent of the available 
energy and the residual velocity loss is 5 per cent of the available energy. Find, for 
jon-extraction operation: (a) the internal efficiency; (6) the enthalpy of the steam enter- 


jnu the condenser; (c) the theoretical internal efficiency. At 20,000 kw delivered, find: 
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(d) the steam rate lb per kwh; (e) the steam flow, lb per hr; (f) the generator loss ink 
(g) the mechanical loss in kw. 

7. A 40,000 kw, 1800 rpm, turbo-generator unit is supplied with steam at 400.3 p: 
at 750° F and exhausts at 1.5 in Hg abs. Use Fig. 139 to find probable engine 
generator efficiencies. The mechanical loss at rated load is 0.75 per cent of the avai | 
energy and the residual velocity loss is 5 per cent of the yadabis energy. Find 
non-extraction operation: (a) the internal efficiency; (6) the enthalpy of the steam ent 
in the condenser; (c) the theoretical internal efficiency. At 40,000 kw delivered, fi 
(d) the steam rate in Ib per kwh; (e) the steam flow, lb per hr; (f) the generator | 
kw; (g) the mechanical loss in kw. 

8. Use the method of Sect. 228 to draw the condition curve of expansion throy 
the turbine for which data are completely given in Example 2 in the text. Draw o 
standard sheet of graph paper; allow 50 Btu per half inch (or em) for the vertical 
thalpy scale, and 0.1 units of entropy per half inch (or cm) for abscissa. 

9. Use the method of Sect. 228 to draw the condition curve of expansion throu 
turbine for which data are supplied in Problem 6. Use the scale suggested in Probler 

10. Use the method of Sect. 228 to draw the condition curve of expansion throu 
ba? oe for which data are supplied in Problem 7. Use the scale suggested in P 
lem 8. 

11. On its endurance tests, the geared-turbine ship, Red Arrow, a Maritime Ce 
mission C-2 vessel of 6085 gross tons, showed the following performance: 














Shp 6,793 | 6130 | 5111 | 4,051 
 PropellorRpm —*|-98.9 ~=| :967. +~| 921. +| 856 
Speed knots 17.7 17.4 16.8 15.9 
Fuel, lb perShp hr | 0.5518 | 0.5505 | 0.5716 | 0.5940 





Under operation at 6130 shp, steam left the superheater at 463 psig at 766° F 
vacuum at condenser was 28.42 in. Hg referred to a 29.92 in. barometer and feed: 
left the heater at 310° F. Compute: (a) The theoretical steam rate in lb per hp hr, 
the conditions mentioned; (6) The fuel rate lb of fuel oil (at 18,500 Btu per lb) requi 
theoretically per hp hr if boiler furnace efficiency is 85 per cent; (c) If the overall ge 
efficiency including turbine bearings is 94 per cent, find the theoretical fuel rate based 
delivered shp; (d) Compare the answer to (c) with the test fi to give a represent. 
engine efficiency; (e) Compute the tons of fuel oil required for a 3000 mile trip mad 
17.4 knots and at 15.9 knots; (f) Graph speed in knots as ordinate aginst shp to 
the enormous increases in shp Secusinget for moderate increases in speed. Note: 1 
= 1.152 mph. Ans. (a) 5.2; (b) 0.369; (c) 0.393; (d) 71.5; (e) 253 vs 197 tons. 
12. Work problem 11 for the conditions of 4051 shp load with steam and effic 
conditions the same. Omit parts (e) and (f). 
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CHAPTER XIV 
TURBINE NOZZLE AND BLADING CALCULATIONS 


235. Nozzle Shapes.—A nozzle efficiently converts to kinetic fo 
potential or heat energy of a liquid or vapor stream. For an incomp 
sible liquid the shape of the nozzle is always convergent in the direction 
flow as the pressure drops and velocity increases. For the flow 
vapor the nozzle shape is also completely convergent for moderate pre 
sure drops (pi — p2) of such magnitude that ps equals or exceeds 0.58 
with saturated steam, 0.54 p: with superheated steam or 0.528 p; with 
When the discharge pressure, p2, is less than one of the above values, 
nozzle cross-section for proper flow first converges and then diverges: 
the direction of flow as the velocity progressively increases and pre 
decreases. 

Two simultaneous actions occur in a nozzle: 1, There is an incre 
the velocity of the vapor, and 2, The specific volume of the vapor 
creases as the pressure drops. The quantity in cfs passing any point 
a nozzle is equal to the velocity V in fps times the area A in square 


ofs = VA. 


The mass flowing (M’) in lb per sec is constant at any instant and 
be developed dimensionally from (1) when v, the specific volume of 
vapor in cu ft per lb, is inserted. 


ae: 
Cri > FW 

This is known as the continuity of mass equation and expresses 
relationship between velocity, specific volume and cross-sectional 
in the nozzle at any point. In equation 2, A is in sq ft and a is in 
From this equation for expanding steam at any given rate of flow ( 
it is obvious that if V increases at a relatively faster rate than v the n 
cross-section (a) must decrease (converge) whereas if the opposite 
true (a) increases (diverges). In a vapor nozzle, at first the effect 
rapid increase in V is predominant and the cross-section decreases 
minimum value yielding the throat of the nozzle after which the n 
section must diverge if expansion is to continue in the nozzle. 

802 
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pressure values were indicated at the start of this section in terms of 
inlet pressure. 

236. Steam Velocity.—From the steady-flow energy equation (Sect. 
|8) it develops that the velocity V2 fps leaving a nozzle is related to the 
enthalpy of the steam entering and leaving (h; and hz) and the inlet 
velocity, Vi, as follows: 





\ibig : 
778 X 2 X 32.17 





V, = V778 X 2X 32.17) —h,+ (3) 
In the case of a steam nozzle, the approach velocity, Vi, is relatively so 
small that it can be disregarded (considered zero) and there results 


V, = 223.8vVh, — ho. (4) 


This equation is absolutely general for any adiabatic process either 
with or without friction. For the frictionless case, isentropic expansion 
yosults and yields the maximum possible velocity increase just as the 
\wentropic change has been shown to yield maximum work. For the 
\sentropic: 


V = 223.8V(hi — hy). 
Ilore V is in fps (ft per sec); 


(5) 


(h, — h,), is the enthalpy change under conditions of constant en- 
tropy in Btu per lb; 

h, is the enthalpy at entrance to nozzle; 

h, is the enthalpy at lower pressure at any point in the nozzle. 


!)xamMPLE 1.—Find the velocity and diameter of cross section of a round nozzle 
iy pass one lb of steam per sec at points along the axis where the pressures are 60 psi, 
‘MN psi, 40 psi, 20 psi and 5 psi. The steam is initially dry and saturated at 100 psi. 
Amume isentropic (frictionless, adiabatic) flow. Plot results. 

Solution by Isentropic Computation.—The values of enthalpy and the moisture in 
iw steam at the different pressures can be read on a complete Mollier chart or on the 
abbreviated chart of Fig. 50. In the Steam Tables or on Fig. 50 starting at 100 psi 
(point A) and the saturation line read h = 1187.2 at s = 1.6026, follow down this 1.6026 
Hine (o the desired pressures reading at 60 psi, h = 1146.5, and 3.4% moisture; at 5 
pei (point B) h = 980.9 and 15.0% moisture with appropriate values for the other points. 

Nese results can also be found by calculation by conventional isentropic methods. 
vom the saturated steam tables at 100 psi read h, = 1187.2 and s, = 1.6026. At 
0) pai read sy = 0.4270 and sy, = 1.2168. Then: 


8,1 — 87,2 _ 1.6026 — 0.4270 


c= So 1.2168 = 0.966 
thon hyo = hye + whys = 262.09 + 0.966 X 915.5 = 1146.5 Btu per Ib is the enthalpy 
poulling after isentropic expansion to 60 psi. 


The steam velocity, V = 223.8V¥ (hy — hy), = 223.8V1187.2 — 1146.5 = 1427 fps. 
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The volume is v = 24,2 = 0.966 X 7.175 = 6.93 cu ft = i 
specific volume of dry saturated steam at 60 psi. Se: HP ton The 
The area by eq 2 is: 


_ 1440 ,,, _ 144(6.93) ; 
= -y M’ = —Fg57— () = 0.699 sq in. 


able answers. However, with steam it is preferable to use p:/p1 equal 
io 0.58 for saturated steam, or to 0.545 for superheated steam. 

In multi-stage turbines as the pressure drop per stage is small the 
hozzles are convergent in each stage. For single-stage turbines however 
the pressure range is usually such as to necessitate convergent-divergent 
hozzles. 

The mass rate of flow (Ib per sec) through a nozzle is set by pressure- 
enthalpy conditions and by the throat size of the nozzle. The mouth size 
in a convergent-divergent nozzle is important in the nozzle design to 
wreate the proper leaving velocity for a given delivery (back) pressure 


a 





The nozzle diameter if round is: Mee = 0.943 in. 
v 


The other desired quantities may be calculated in similar m 

_ othe anner and are hi 
plotted in Fig. 149. Note that as the pressure drops at constant entropy, enthal; 
decreases, specific volume and velocity increase but at different rates. The no 
area after decreasing to a minimum then increases. 













aie > SS hn i as hut it has no effect on the mass flowing per second. In computing the 
aa ape + 3500 innss rate of flow through the nozzle the throat pressure must be known. 
pm noe Bes PP a aR Ns | ane he throat pressure in a nozzle (equal to 0.58 p: for saturated steam 
ro EO a a a ‘a (045 pi for superheated steam) is independent of the back pressure, p2, 
3 SeaRiER™ en's jwovided pz is less than this critical throat pressure (0.58 px or 0.545 1). 

git g* EBaw Bal sl 2000 2 hus the mass rate of flow is independent of the back pressure under a 
gis 215 ei S <5 Z 1500 3 wide range of conditions. For example, the mass rate of flow of 100 psi 
g1.0 * 10 eat | 1000 7 witurated steam with a given nozzle is the same with discharge pressures 
< of say 58, 30, 10 or 1 psi, ordinarily decreasing for any back pressure in 


0.5 5 
excess of 58 psi. It is readily shown in thermodynamics texts that when 


0 0 P : f ane 
100 90 80 70 60 50 40 30 20 10 Opsi joversible expansion takes place to this critical throat pressure the ve- 
1.0 0.9 0.8 0.7 06 05 0.4 0.3 0.2 01 0F/P, locity reached by the expanding vapor equals the acoustic (velocity of 
Fia. 149. Graph of Steam-Nozzle Characteristics. sound) for the vapor. If expansion below the throat critical pressure 
wonti i i le the velocity continues to 
237. ] fontinues in a convergent-divergent nozz y to 
di 37. Throat and Mouth of Nozzle.—The graph (Fig. 149) of the p jnorease exceeding the acoustic and yielding superacoustic (supersonic) 
ceding example shows that the nozzle has a minimum cross-section Velocities 


throat at a pressure of 58 psi, that is at 58 per cent of the inlet press 


rod ‘iP , ; th disch 
Similar calculations with saturated steam will always show a minim tc ee aa edna eee Aah 


pressures above the critical throat pressure, the nozzle acts as a venturi 


section (thr i sete ; 

iinat oe ped Seat wags “ai fe: cent of initial PIERO URS: P ast \\vbe reducing in pressure to the throat and building up a pressure in the 

sielinn ta tenant” Beer: meen size until the mouth bi disch divergent section equal to the discharge pressure. In fact a divergent 
. nozzle for complete expansion is thus wevlion (diffuser) of a tube or nozzle always builds up pressure in the 


vergent-divergent in shape. For perfect gases the throat pressure can 


computed by the equation: ivection of flow of a fluid except in the specific case of a nozzle expanding 


lwlow the critical pressure and developing supersonic velocities. 

In real nozzles some friction and turbulence exist causing increased 
entropy with the energy lost in friction reappearing as increased enthalpy 
i the steam leaving the nozzle. Nozzle velocity coefficients (n.) range 
hwlween 96 and 99 per cent of theoretical and nozzle efficiency (nn) 
ranges from 92 to 98 per cent. Note that 


<= (mv)?. (7) 


Q  \k«-) 
mu 
where k is the ratio of specific heats of the gas and p; and p, are the th 

and inlet pressures in psia. Values of k are givenin Table 1. This eq 
tion is only approximate for steam which is not a gas but values of 
for k in the superheat region and 1.13 in the saturated region give 


pe= i ( 
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238. Over-Expansion and Under-Expansion.—As shown in Examp 
1, the relation of back pressure to initial pressure determines the relat 
of mouth area to throat area for an expanding nozzle. 

If a nozzle is used for a higher back pressure than that for which 
is designed, the expansion will continue till the pressure in the no 
has dropped below the back pressure, after which there will be a sudd 
pressure rise inside the nozzle and near the mouth of the nozzle. ] 
sudden pressure rise is accompanied by pressure waves and wasteful ed 
currents. A nozzle thus used for a smaller pressure ratio than that f 
which it is designed is said to have over-expansion. Conversely, a now 
used for a larger pressure ratio than that for which it is designed is § 
to have under-expansion. The loss due to under-expansion is less 1! 
that due to over-expansion. 

239. Supersaturation.—The condensation that accompanies exp 
sion of superheated or saturated steam is interfered with by an iner 
heat effect. It has been found that, until the steam-jet pressure dro 
to less than 60 per cent of the initial pressure, dry steam may not h 
to condense, but remains in the gaseous condition. This results if 
greater drop in temperature and contraction in volume, resulting 
increased flow. The steam follows the laws of superheated steam wit 
the saturated region and is called supersaturated steam. Because 
supersaturation effect increases steam flow, special tables and sp 
Mollier charts have been constructed for supersaturated steam and 
may be used in more precise calculations of flow for small pre 
drops. 

Supersaturation is followed by sudden condensation when the pre 
in the nozzle drops to a definite limit marked by the so-called ““W 
line.” The action is similar to the action of water when rapidly coo 
below the freezing point. A drop of many degrees without freezin 
followed by the sudden appearance of ice at many points in the liq 

240. Nozzle Shapes.—The sides of the divergent part of a no 
are made straight, with a slope of about 6° with the axis. The ¢ 
section may be round, square, or rectangular. Where nozzles must 
placed close together, the rectangular form is used, preferably with 
throat about square. Such nozzles may be made of bronze or stai 
steel castings with rolled steel separating strips cast in place, to form 
separate nozzles. 

241. Flow Formulas.—When the discharge pressure of a gas or Vij 
is less than the throat critical pressure, simple semi-empirical formulas 
be used to compute the mass flow rate. These equations apply prima 
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for convergent nozzles and assume coefficients of discharge close to unity 
which hold true if a smooth rounded approach exists for the nozzle. 


p1 is psia at inlet conditions. 

v1 is sp vol at inlet conditions, cu ft per lb. 
M’ is lb per sec, mass flow. 

a is throat area in sq in. 

T, is the inlet temperature in deg R. 


For saturated steam 
0.301 a,/2!- (8) 
V1 


M’ = 0.316 ax)”. (9) 
1 


Napier’s formula for steam 


M 


lor superheated steam 


M' = = (10) 
Vor air 
M’ = 0.324 a, |. (11) 
I‘liegner’s formula for air 
M’ = 0.53 art (12) 


As an approximation, for sharp-edged orifices, equations 8 to 12 should 
he multiplied by the factor of 0.6. 

242. Impulse Blading, General.—The turbine nozzle converts all or 
nourly all of the available energy of the steam into kinetic energy of the 
moving jet. The blades or buckets of the turbine must absorb the kinetic 
energy of the jet and convert it into turning effort on the moving rotor. 
l'or the blade to absorb energy from the moving steam jet the blade 
must be in motion but move at a velocity lower than that of the steam. 

Nozzle and impulse-blade velocity relationships are developed in 
lig. 150. The blade, shown in section, is moving to the right with the 
velocity u. By, represents a position on the surface of the blade at the 
hoginning of a time unit. S, represents the position of a particle of steam 
al the same instant. 

V.1 is the vector indicating the direction and absolute velocity of the 
stoam at this instant while wu is the blade velocity vector. 

At the end of the unit time interval, the blade edge will have arrived 
at 2, having traversed the distance u, and the steam particle will also 
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have arrived at 2 having traversed the distance V.zi. The distance th 
steam particle has travelled relative to the blade edge in unit time, or th 
relative velocity of the steam is SiB;. iB: or V;1 is geometrically th 
vector Vzi minus the vector vu. V,: may also be described as the velo 
ity at which the steam is overtaking the blade. 





W2 


Fia. 150. Velocity Diagram for Single Stage of Impulse Turbine. 


In order that the steam may glide upon the blade without shock, t 
angle of the relative velocity vector V,1 must be the same as the 
of the blade at entrance, 6:1. The position of the nozzle relative to 
blade sets the nozzle angle, a1, and thus the direction the steam poss 
on leaving the nozzle with the absolute velocity, Vai. This angle sho 
be made as small as possible while permitting the steam to enter 
blades without interference and in practice runs about 20 degrees. 
would be desirable from a theoretical viewpoint if the steam could en 
and leave in the direction of blade motion (i.e. a, = 0 and a2 = 0) 
this is physically impossible. 

If there are no frictional and turbulence losses in the blades the s 
passes through with the relative velocity, V.1, constant in magnitude 
leaves tangent to the blade outlet angle, 82, in the direction indicated 
the vector V,2. The absolute velocity possessed by the steam has 
reduced from magnitude Vai on entering to magnitude V.2 on leav 
An ideal blade would reduce the leaving velocity Vaz to zero but the p 
lem of getting the steam into and from the blades (i.e. angles involy 
and the fact that the blade velocity is not always in the optimum ri 
to steam velocity makes this impossible. The blade in Fig. 150 is drw 
with symmetrical angles 6, = 62. It can be seen by inspection that 
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fy is reduced, say to half its present amount, Vaz also is reduced and more 
energy is taken from the steam jet. 

In multi-stage turbines it is not necessary to reduce Va2 to a minimum 
value as the next stage can utilize both kinetic energy and enthalpy from 
. preceding stage. 

243. Impulse Turbine Blade.—Force and Power.—The steam jet in 
passing through the turbine blades is deflected and the reaction resulting 
from the change in velocity of the steam in the direction of blade motion 
produces the useful force for driving the turbine wheel. Referring to 
l'ig. 150 this change in velocity is: 


Vo = Vor + Vw2 = Vai Cos a: + Vaz Cos a2 or 
= V1 cos B1 + V2 cos Be. (13) 


‘rom Newton’s Second Law of Motion the force (F) on the turbine 
blade can be computed. Here 


= M « 
g 
hecomes 
M AV 
F = 3017 at 
and rearranging 
1 M M’ 
F = 35.17 af 4Y = 30-17 Y= 4) 


Thus it can be seen that M/At, the pounds of steam per second (M’) 
passing through the blade when multiplied by the resultant change in 
velocity in the direction of blade motion and by the constant 1/32.17 
“ives the force acting on the blade in the direction of blade motion. 


AV = Vui + Vuze = Vz is called the velocity of whirl. 


The velocity of whirl can be measured graphically from a diagram such as 
!'\e. 150 or computed by eq 13. The force (F) acting on the blade row 
i» measured in pounds and can be seen to depend directly on the velocity of 
whirl and on M’, the pounds of steam per second passing through the 
blade row. 


* In this equation, if 17 is measured in Ib mass then g is the numerical, dimensionless 
falio changing to a mass unit measured in slugs. 
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The force (F) acting on the blade row drives the blades through 
distance u feet every second and develops power in magnitude. 


Power = Fu ft lb per sec a 
M'Vou ( 


Horsepower = Bu = a 
pity = 550  (32.17)(550) 


The maximum force of the steam on a blade occurs when the blade 
stationary. If the steam also could enter and leave the blade tan, 
tially, i.e. a; and a, = O in Fig. 150, then the velocity of whirl V, = V, 
+ Vue would be Vw = Vai + Vaz = 2Vai and 


1 2 


ev AG tae 
i 32.17 al 32.17 


M'V a1. 

Here F,, represents the maximum ideal force in pounds acting on 
blade. Even in the real turbine the maximum force on the bl 
(torque) always occurs in starting if the steam flow M’ is the same. 

Reference to Fig. 150 for starting conditions would envisage u = 
V1 would be Vai both in magnitude and position; with no friction 
would be equal to Vai in magnitude but have the direction shown 
V,2 under moving conditions. For this starting condition 

fos i V.i(cos a1 + Cos B2). 

244. Impulse Blade Efficiency.—Friction and turbulence in an 
pulse blade cause a velocity loss not associated with the creation 
directed force. This loss increases with velocity of the steam mo 
through the blades and the ratio V,2/V,1 represented as k, runs approy 
mately 0.93 for V,1 = 500 fps, 0.9 for 1000 fps, 0.88 for 1500 fps, 0.85 
2000 fps and 0.8 for 3000 fps. The magnitude of k, is also influenced 
blade angles, blade widths, passage shapes, smoothness etc. I 
efficiency is the ratio of the delivered work per second to the kin 
energy per second supplied by the steam jet. 





M 
te = Bet Vet av 
ag La ; 
1 M' 2 Vor 
2 32.17 ¥ 


The blade efficiency can also be expressed as the decrease in kinetic en 
of the entering and leaving jets less the frictional kinetic energy | 
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the blading. Thus 
Vii" = Viga® cs (V,7 = V2?) 
4 


at 


mb = (20) 


i V.2 —_ ay ‘rua V,2(1 ire ky?) 

6S er arene oe ae (21) 

It can be shown that for a blade operating with the ratio of u/Vai at an 
optimum, the maximum blade efficiency possible is: 


_ COs? a1 COS Be 
m = 1 1 + ho (SEB), _ (22) 


where a is the nozzle angle. 

245. Velocity-Compounded Impulse Turbine.—In this type the steam, 
ufler expanding in a nozzle, passes through two or more rows of moving 
hlades without further drop in pressure or change in volume except for 
ny volume change resulting from frictional reheat. 

lor the single-row impulse turbine blade the ratio of u/Va1 runs from 
().4 to 0.46 in practice; for a two-row, velocity-compounded wheel, ratios 
of 0.20 to 0.22 are customarily used. Values of the blade speed wu run 
from 400 to 850 fps although blade tip speeds in excess of 1200 fps have 
heen employed. The blade speed at its mean diameter D on the turbine 
rotor is: 





DN 
U=T (12) (60) P® (23) 


where D is in inches and N is theturbinerpm. The allowable values of u 
ure limited by the ability of materials to stand the centrifugal stresses 
involved and the product, ND, must stay within a safe limit. The tip 
speed on long blades is far in excess of the mean blade speed. 

Velocity compounding permits lower blade speeds for a given steam 
speed. Velocity diagrams for each moving row are drawn as shown for 
Iie. 150, with the fixed or reversing blade merely acting to redirect 
sloam on to the second moving row. In drawing blade diagrams of any 
(ype it is convenient to remember that absolute velocity arrow heads on 
(he diagrams should always meet. 

Referring to Fig. 151 steam leaves the nozzle at angle a; and enters 
(he first moving blade with velocity Vai. The two triangles with sub- 
weripts 1 and 2 refer to the first moving row of blades. Vi2 = koiVri 
where ky: = 1, if no friction or turbulence exists. 

‘The fixed blade row merely redirects the steam on to the second moy- 
ing row. Notice that its blade angles (a: and as) are associated with the 
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absolute velocities Vaz and Vu3 Notice Vas = kyVa2 with an appr 
priate value of k,; to account for friction and turbulence. 


The second moving row for which the subscripts 3 and 4 apply i 


supplied with steam at angle as, velocity Va; and is drawn in convention 






a Fixed Blade 


Fie. 151. Velocity Diagram for a Two-row, Velocity-C 
Friction Considered, ae 


manner. In a two-row stage as this, the second row delivers only ab 
one fourth the work that the first row does. The velocity of whirl f 
both rows is: 
Vo = (Var CoS a1 + Vaz cos a2) + (Vas Cos a3 + Vas C08 a4), ( 
Vio = (Vii Cos 61 + Vi2 Cos B2) + (Vis cos Bs + Vi4 cos fi) 

= Vii(cos 61 + ks cos B2) + V,3(cos Bs + ks cos By). ( 


Appropriate values of k, can be taken from the preceding secti 
for general use: ke: = 0.88, key = 0.90, kes = 0.92 are suggested, 
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246. Reaction Blading.—In the reaction turbine the fixed blades act 
as nozzles and with small pressure drop per row the steam passage 
must converge. The steam is shown leaving a fixed row at angle a1 in 
lig. 152. It enters the moving row with relative velocity Vi. In the 
moving blade its direction is changed but the moving blade passage is 
in the form of a converging nozzle and the pressure decreases in passing 
(through the blade. The enthalpy released in this process increases the 









FIXED BLADE ROW 


MOVING BLADE ROW_ 
1 
Pe 
\ 
Vr2 


___FIXED BLADE ROW 


Vaz 


Fia. 152. Velocity Diagrams for a Reaction Turbine. 


volative velocity in the moving blade to have the magnitude shown as 
Vv... The blade angles and the enthalpy drop per stage are usually 
arranged so that V,1 and Va: are essentially the same. A stage in a reac- 
‘ion turbine consists of one fixed row and one moving row. Values 
of the speed ratio u/Vai or u/V,2 vary from 0.65 in small turbines 
io 0.90 for large turbines with 0.8 being common. Mean blade speeds 
vary from 100 fps in the short-blade, high-pressure end to 450 fps in 
(he low pressure region. Tip speeds of low-pressure blades may reach 
1200 fps. 

The velocity, Vai and V,», is dependent on the entering velocity to the 
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(hy al h,), in 


row Va; or V,1 as well as on the enthalpy drop per row 5} 


per lb. 


B 








= (hi — he). Vai? 
Var = 223.8 2 + (643)(778) 
or 
2 (hi — he), V,7 
Vi2 ti said ¥ 9 + (64.3) (778) ( 


The enthalpy drop per stage is small compared to the values used f 
impulse turbines and is usually less than 14 Btu per stage (7 Btu 
row). It is customary to make the angle a; and f, from 18° to 20°. 
For one stage of a reaction turbine the stage-blade efficiency can 
expressed: 
2uVw 
Vai? + 64.3(778) (hi — hy), 


where h; — hg is the isentropic, enthalpy change for the stage (fixed 

moving row) in question. Velocity of whirl using eq 13 is equ 

applicable to reaction blading. : 
Many axial flow compressors are now being built in which bla 


similar to the reaction blading just described is used for compr 
air or other gases. 


247. Problems.— 


Unless otherwise stated, pressures are absolute. 





2 ee 


1. Find, by isentropic computation, the throat and mouth area of a round ni 
to pass 3000 lb of steam per hour when supplied at 300 psi and 500° F discharging 
14.696 psi. Sketch the shape of this nozzle along its axis. ; 

2. Find, by isentropic computation, the throat area of a round nozzle to pass 
Ib of steam per hour when supplied with steam at 300 psi and 500° F discharging 
180 psi. Sketch the shape of this nozzle along its axis. 

3. Rework problem 1 if the nozzle efficiency to the throat is 97 per cent and 
per cent to the mouth. 

4. A nozzle has a throat of 0.3 sq in. and a mouth area of 1.0 sqin. Find the 
flow in lb per hr when supplied with steam at 100 psi dry and saturated and ex 
at 10 psi. Use isentropic method of computation. 

: as problem 4 if steam conditions are 200 psi, dry and saturated, and 
is a psi. 

6. Work throat area of problem 1 by the use of an appropriate flow formula, 

7. Work throat area of problem 4 by the use of an appropriate flow formula, 
_ , 8. A 100-hp, single-stage impulse turbine has a water rate of 30 lb per hp-hr. § 
is initially dry saturated at 120 psi and back pressure is 2 psi. By isentropic me 
ee throat area and exit area of each of the two nozzles which together supply 
urbine. 

_ _9. A two-stage impulse turbine develops equal work in each stage. Initial p 
is 200 psi, and the steam is dry saturated. Back pressure is 15 psi. Water rate 
Ib per hp-hr. Capacity of turbine is 120 hp. Find throat and exit area for each 
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Solution.—Each pound of steam develops equal work in each stage. Therefore 
assume (hi — he); is the same for each stage. This determines pressure between stages. 
‘Then the two nozzle areas may be calculated. Disregard reheat in steam from first stage. 

10. A nozzle passes 2000 Ib of steam per hour; steam initially at 260 psi and 600° F; 
back pressure, 20 psi. 

(a) By isentropic calculation find throat area and mouth area. 

(b) If sides slope 6° with the axis and cross-section is circular, calculate how far 
from throat the pressure is 125 psi. 

11. A nozzle has the mouth area ten times the throat area. The steam is initially 
at 200 psi and 500° F. Find the back pressure for which the nozzle was designed. 

12. Steam expands in a nozzle from an initial condition of 160 psi and 400° F toa 
Huck pressure of 15 psi. 

(a) For pressures of 125 psi, 100 psi, 90 psi, 50 psi and 15 psi calculate the quality, 
specific volume, steam velocity, and area for a flow of 1 lb per sec. 

(b) Tabulate results. 

(c) Plot curves showing variation of each quantity with pressure. 

13. Steam expands from 80 psi and 100% quality to 30 psi. Five per cent of the 
“isentropic” energy released is absorbed in friction in nozzle. 

(a) Find the increase in quality of the steam leaving, caused by friction. 

(b) Calculate the reduction in flow due to friction. 

14. A turbo-generator has an output of 3000 kw and a water rate of 15 lb per kwh. 
‘The steam enters at 240 psi and 500° F. The pressure drop in the first-stage nozzles is 
#00 psi. Find the diameter at their throat if 8 nozzles are used. 


Turbine Blading.— 


Unless otherwise stated, all friction losses are neglected. Carefully worked-out 
urnphical solutions, based on large-scale velocity triangles, will be satisfactory. Unless 
otherwise stated, the angles at entrance and at exit will be the same for every row of 
Hlades in the impulse turbine. 

lor the reaction turbine, the angle at entrance to the moving blade will be taken 
ual to the corresponding angle for the stationary blade. The exit angles will also be 
taken equal. The enthalpy decrease for each stage will be taken as equally divided 
fwlween the fixed and moving blades. Unless otherwise stated, the expansion will be 
weumed at constant entropy. 

15. In an impulse turbine the nozzle angle is 20°. 
iho blade speed is 550 fps. 

(a) Find correct blade angle. 

(b) Find relative and absolute velocity of steam at exit from moving blades. 

(c) Calculate blade efficiency. Use large velocity triangles. 

16. The steam leaves the first stage nozzles of a turbine with a velocity of 1420 fps. 
The nozzle angle is 20° and the ratio u/Va1 = 0.44. The blade is symmetrical and the 
inlet angle 81 is designed to permit entry of the steam without shock. Draw the velocity 
(ingrams, compute the velocity of whirl and blade efficiency. 

17. Investigate the performance under conditions of problem 1 if the blade outlet 
Aiiele Bo is made 5° smaller than its inlet angle. Draw the velocity diagrams, compute 
the velocity of whirl and the blade efficiency. 

18. Work problem 16 if ky: = 0.85. 

19. Work problem 17 if kn = 0.85. 

20, In an impulse turbine the jet (nozzie) angle is 17°. 
‘Tho steam leaves the moving blades in an axial direction. 

(a) Graphically determine blade speed and blade angles. 

(b) Find relative and absolute velocities of steam at exit from the moving blades. 

(c) Calculate the blade efficiency. Scale, 1 in. equals 200 fps. 

Solution. —For the conditions of this problem 


The jet velocity is 1200 fps and 


The jet velocity is 800 fps. 


COS a 


Vai COS ay, = U + Vii COS Bi; 5 


u = V,2 cos Bz = Vr COs Bi; u = Vai 
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21. A nozzle passes 5 lb of steam per sec at a velocity of 900 fps. The jet angle is 


The steam leaves blades axially. The diameter of turbine wheel at center of blades 


48 in.; impulse turbine having a single stage. 
(a) Find blade speed and blade angles (note solution following problem 20). 
(b) Find relative and absolute steam velocities leaving wheel. 
(c) Calculate blade efficiency. 
(d) Calculate total steam force on blades in pounds and torque in pound-feet. 
(e) Find horsepower developed. 
(f) Check this horsepower by energy of entering steam. 
22. A two-row, velocity-compounded wheel is supplied with steam, from no: 


set at 20°, at a velocity of 3000 fps. The value of u/Vai for the first moving row 
0.2 and ky, = 0.86. The blades of the first moving row are symmetrical. _ as, the leavil 


blade angle of the fixed blade row is 26° and ky for this row is 0.88. The blade 
84 at leaving the second moving row is 5° less than the inlet angle 83 for this blade 
and ky, = 0.90 for this row. The blade angles are planned for steam entry with 
mum shock. Draw a complete diagram for the two-row wheel. Scale off and 
all velocities and angles. Find the velocity of whirl for the first moving row and for 
second moving row. Find the force developed for 1 lb per sec of steam flowing and 
horsepower. Compute the blade efficiency. A 

23. Reaction turbine. Enthalpy drop in a stage is 9 Btu per lb, divided eq 
between fixed and moving blades. The angles are 20° leaving both rows and 70° ent 
ing the moving blades. The inlet velocity to the stage Vai is 180 fps. 

(a) Find steam velocity at entrance to moving blades. 

(6) Find blade speed and absolute steam velocity at exit from blades. 

(c) Find torque and horsepower per pound of steam per second for mean 
diameter 42-in. 


(d) 92.6. i, 
24, Reaction turbine. Enthalpy drop per stage is 10 Btu per lb, divided e 
between fixed and moving blades. The blade angle at entrance is 74° for moving b 
At exit the angles are 16°. Inlet velocity, Va; is 200 fps to the stage. 

(a) Find the steam velocity at exit from fixed blades. 

(b) Find blade speed. 

(c) Find torque and horsepower per pound of steam per second for mean 
diameter = 36 in. 

(d) Find the stage-blade efficiency. Ans. (a) 588; (b) 474; (c) 25.5, 14.6; (d) 


Reference material is listed at end of Chapter XIII. 











ore the stage-blade efficiency. Ans. (a) 507; (b) 418, 186; (c) 29.4, 12 
2 





CHAPTER XV 
CONDENSERS AND CONDENSING EQUIPMENT 


248. Condensation of Steam.—lIn the earliest steam engines, operat- 
ing at atmospheric pressure, a vacuum was created in the cylinder at the 
wonclusion of the power stroke by injecting water into the cylinder and 
(hus condensing the steam. James Watt showed that this could be done 
inore effectively by first leading the steam from the cylinder to a separate 
teceiver, called a condenser, and there condensing it. 

When the exhaust from a turbine or engine is led into a condenser in 
Which cold water is being circulated, the steam condenses. Steam in 
vondensing undergoes a great shrinkage in volume. If the condenser is 
properly closed off and designed, a corresponding lowering of pressure 
lwlow atmospheric takes place, during condensation of steam. By pump- 
ing out the liquid from the condenser, as formed, this reduced pressure 
or vacuum can be maintained in the condenser. The exhaust steam 
/ontains some air and other gases which do not condense with the steam. 
‘hese gases must also be pumped from the condenser to maintain the 
yucuum. These gases, leaving the condenser, are saturated with steam at 
(he condenser temperature, and the term non-condensible vapor, or sim- 
ply air, is used for the mixture. 

‘he primary purpose of a condenser is to make possible the conversion 
of « larger amount of heat into work by permitting the steam to expand 
{o « lower temperature and pressure. 

According to Dalton’s law of partial pressures, the total pressure in a 
iixture of gases is the sum of the partial pressures of the constituent gases. 
I) « condenser the total pressure, p., is the sum of the partial pressure 
exerted by the air, pa, plus the partial pressure exerted by the steam, 7s. 
‘The partial pressure of the steam can be obtained directly from the steam 
bles if the condenser temperature is known. In dealing with partial 
jressures each gas can be considered as though it occupied the space alone, 
ind acted under its own partial pressure. 

\xAMPLY 1.—The temperature and pressure observed in a condenser are 79° F, and 
14) in. Hg. Find the weight of air per lb of steam. 

Solution.— 

Po = Pa + Pa. Po = Pc — Pp» = 1.21 — 1 = 0.21 in. Hg, 
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condenser, water leaves at the end opposite that at which it entered. 
In the multiple-pass condenser, the water passes through only a section 
of the tubes each time it passes through and may circulate from end to 
end several times. ‘The tube headers make an air-tight fit in the casing 
or shell, and the space between the headers and outside the tubes is 
filled with the steam to be condensed. 

To reduce the temperature difference between the steam and the cool- 


where p; = 1 Hg, is steam pressure at 79° F (from Steam Tables). 


(144) (0.491) (0.21) (1) 
(53.33) (460 + 79) 


1 Ib saturated steam at 79° F occupies 653.0 cu ft (Steam Tables), thus, 
Ma = 0.000515 X 653.0 = 0.336 Ib of air associated with each lb steam. Ans. 

















From PaV = MB.T M = = 0.000515 lb air per cu ft of g 


Alternate Solution.—Steam under slight pressures follows the perfect gas relatio 





i t it is necessary to have an adequate amount of surface, provide 

darian i 8 vehi oe Mi of sow the water venirs the tubes and of steam and air 
PaV = MoBeT , Pa _ May, 58.33 __1 Ma outside the tubes, keep the inside of the tubes free from silt or slime, and 

PV = MBE” P,~ M,™ 85.77 ~ 18M,’ the outside of the tubes free from films of warm air or warm condensed 

or steam. In order to reduce the density and pressure of the non-condens- 
Ma = z x 1.6M, = a X 1.6(1) = 0.886 lb air per lb steam. Ans. able gases, it is necessary to provide ample pump capacity and to provide 


for cooling the gas-steam mixture as close to the temperature of the enter- 
The example above brings out the fact that the presence of air ing cooling water as possible. 
creases the pressure (decreases the vacuum) existing in the conde 
If this air is not continuously removed the pressure in the condenser 
Part of the air which appears in the condenser has come from the air 
solved in the feed water entering the boiler. The remainder has ] 
into the system at points where the pressure is less than atmospheric, 

249. Condenser Types.—An apparatus in which condensation is 
duced by injecting water into the steam is called a jet condenser. 
cooling and condensation is here effected by direct contact. A conde: 
which operates by transmission of heat through a metal wall separa 
steam and water is called a surface condenser. 

As it keeps the condensed steam and condensing water separate, 
surface condenser has the advantage of furnishing a supply of dist: 
water at a temperature of 80° F to 100° F for boiler feed. 

The surface condenser requires a much larger amount of cooling wa’ 
but the only head or pressure required is that needed to overcome fri¢ 
The jet condenser needs less cooling water, but the cooling water, as 
as the condensate, must be removed from the condenser against 
pressure of the atmosphere. 

The first cost of the jet condenser is less and the maintenance ch 
are less. It occupies less space than the surface condenser and it 
use dirty or acid water which would quickly damage the surface conde 

250. Surface Condensers.—The surface condenser usually consiata 
a cast-iron casing in which are placed the condenser tubes. Ente 
water-box at one end, water circulates through the tubes which are 
cured to perforated disks or headers at each end. In the single 





Nye : Jer Radial-Flow Condenser. End View with Half of Water-Box 
pape piece Removed and Cross-Section at Middle. 


In modern surface condensers, especially of the single-flow type, but 
also in the multi-pass type, the condenser is divided longitudinally into 
woctions by clear passageways. High velocities of steam and water are 
increasingly used, provision is made to prevent condensed steam from 
dripping from tube to tube, counterflow of steam and water is used, air 
pumps of great capacity are installed, and the air is cooled nearly to the 
temperature of the entering water before it leaves the condenser to enter 


(he air pump. 
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251. Surface Condenser Types.—Figure 153 shows a C. H. Wheel 
surface condenser. ‘This condenser is classified as a two-pass, radial-flo) 
dual-bank type. The tubes are symmetrically divided into two banks 
means of the central steam lane. ‘ This arrangement gives practic 
equal pressures at the top steam inlet and at the condensate sump 
hotwell and enables the condensate temperature to approximate clos 
the condensation temperature. Steam lanes between the tubes lead 
from this central zone. The air is cooled to a very low temperat 
before being removed, by passing over the coldest tubes. The centri 
lane gives a rather large passageway so that the pressure loss from i 
to the air pump is small. This condenser is of the two-pass type. 
culating water enters at the bottom of one end, passes through the t 
lower banks in one direction, at the other end is directed back through 
two upper banks and leaves at the same end it entered. Baffles are uy 
to prevent the condensed steam from falling down on the tubes 
for air cooling. Note in this condenser how the tubes are spaced s 
what more closely toward the bottom to give less volume as the st 
condenses. The side outlets shown at the top near the middle of 
condenser in Fig. 153 are atmospheric relief openings or the so-called f 
exhaust. These give an outlet for the steam to keep the pressure f 
ever building above atmospheric. The air discharge connection is sh 
at the lower left. 

Figure 154 is a section through a Worthington Condenser and ill 
trates many of the items previously mentioned. It will be noticed 
the air (gas) offtake is located under baffles at each side of the conde 
The steam, mixed with the air (gas to be withdrawn) passes under th 
baffles and the greater part of the steam is condensed, leaving princip, 
air to be withdrawn at the air offtakes. The condensate passes down 
out at the bottom without having come into contact with the cold 
water. Cooling of the condensate is thus avoided and the water is 
highest possible temperature under the pressure in the condenser. SU 
cooling of the condensate would necessitate a greater heating load in 
feedwater heaters. 

252. Condenser Tubes.—These are usually made either of Admiral 
metal containing 70 per cent copper, 29 per cent zinc, and 1 per cent 
or of Muntz metal, consisting of 60 per cent copper and 40 per cent #i 
Admiralty metal is usually used for salt or acid water and Muntz m 
for fresh water. Alloys of cupro-nickel; arsenical-copper; and alumin 
bronze are also used. 

The tubes are attached to the tube plates at the ends of the cond 
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and where the condenser is so long that the tubes might sag, a support 
plate must be installed between the tube plates. The tubes are centered 
in the tube plates by ferrules through which the tubes pass. The ferrules 
screw into the tube plate and force a fiber or corset lacking packing tightly 





XHAUST STEAM INLET 


INSULATING BAFFLE 
AIR EXIT LANE 


= E UM 
SUCTION SUCTION 


Fic. 154. Transverse Section for Large Single-Pass Steam Condenser. 
(Courtesy of Worthington Pump and Mach’y Co.) 


iguinst the outside of the tube. This prevents circulating water from 
louking into the steam space. The tubes can move slightly in this pack- 
ing to take care of longitudinal expansion. In some cases the tubes are 
expanded into one of the tube sheets and attached with ferrules on the 
other end or even expanded into both tube sheets. 

Condenser tubes are subject to oxidation due to contamination of the 
vivculating water with solids such as ashes or sludge or iron-rust coming 
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from pipe lines. ; Acid waters attack the zinc especially. If the wa 
temperature is high due to local sluggish circulation, certain slimes m. 
grow in the tubes 

253. Jet Condenser Types.—Jet condensers are built in the lo 
level, or low-head type and in the barometric, or high-head type. Inbo 
types, steam and condensing water are intimately mixed in a cham 
in which a high vacuum is maintained by removing the water, unco: 
densed steam and air (uncondensable gases) as fast as they enter. 





Fig. 155. Allis-Chalmers Low-Level Jet Condenser. 


254. Low-Level Jet Condensers.—The Allis-Chalmers Condense 
shown in Fig. 155 is of this type. 

Steam is admitted through the top. Water is admitted from th 
annular passage at the top through a number of nozzles which give th 
water a whirling motion. The space between the large funnel and th 
casing provides room for the air to separate. The air is removed by 
steam ejector which is not shown. A centrifugal pump at the botto 
withdraws the water against atmospheric pressure. The water level j 
normally about where the cylindrical part joins the conical part of th 
casing. A float shown to the right, above the upper edge of the conic 
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part, actuates a vacuum-breaking device when the water level is too 
high. 

Figure 156 shows the Koerting Low-Level Multi-Jet Condenser. This 
works on the ejector principle, that is, the velocity of the water entering 
through the nozzles is sufficient to carry 
along with it out of the condenser both the 
condensed steam and the air. Steam enter- 
ing from the right is drawn into the central 
space through numerous annular nozzle- 
shaped openings. The high-velocity jets 
(here impinge upon the particles of steam 
and air and drive them out against atmos- 
pheric pressure. No separate air pump is 
required. The float for the automatic 
vacuum breaker may be seen at the bottom 
of the outer chamber. These condensers 
are built by the Schutte-Koerting Co. of 
Philadelphia. 

This condenser is designed to maintain 
in absolute pressure of 1 to 2 inches of 
imercury in the condenser with the cooling 
water at 70°F. About 90 to 100 pounds 
of condensing water are used per pound of 
steam. The pressure head required is about 
91 feet. 

255. Combined Jet Condenser with 
Wet-Vacuum Pump.—Figure 157 shows a 
wction of a combined jet condenser and 
wel-vacuum pump. The condensing water 
enters at the top left. Two distributing or 
spraying cones are shown below. The ex- 
liwust steam enters through the large pipe 
shown at the top right. An automatic float-operated vacuum breaker 
vulve is shown to the left. 

‘he condensing water, condensed steam, and entrained air rush down 
(through the central passage to the chamber below the lower set of pump 
The mixture is withdrawn by the pump, compressed to slightly 
inore than atmospheric pressure, and discharged. (See Sect. 210.) Fig. 
158 shows the suction and discharge valves and a priming valve, used in 
slurting. By opening the two priming valves, any air in the cylinder 





Fig. 156. Koerting Low-Level 
Jet Condenser. 


valves. 
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and in the space between the valves is permitted to escape into the 
charge passage, and the pump immediately starts to draw water inste: 
of expanding and compressing air. Pumps which remove both the wa 
and the air are called wet-vacuum pumps. 





Fic. 157. Dean Jet Condenser and Wet-Vacuum Pump. 


256. Barometric Condensers.—If the lowest “working’’ point in 
condenser is more than 34 feet above the level of the pond, resery 
or other body of water into which the water 
discharged, the force of gravity will be 
enough to make the water flow out against atm 
pheric pressure from the vacuum in the @ 
; denser to the outside air. 
zx To permit gravity to do the work of pum 

oe) eg ee si ing out the water in this way, it is necessary 
Discharge and Air-Removal have a vertical pipe of ample size to carry all 
Panne Valves of Dean condensing water and condensate without seri 
; friction. The top of the pipe must open into t 
bottom of the condenser and the bottom of the pipe must dip under 
surface of the water into which the condenser effluent is discharged. 
difference between levels of the pond and bottom of condenser must 
at least 34 feet. 
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A jet condenser, so arranged, is called a barometric or high-level con- 
denser. Ideally, the condensing water could be lifted from the pond to 
(he condenser by the vacuum, condense the steam, and then flow down 
by gravity through the tail pipe and out into the pond. Actually, the 
water flowing to the condenser encounters friction in the piping and at 
entrance, and the head required to give it velocity is largely wasted. 
On this account, the water cannot be successfully lifted more than 20 feet, 
even with the best vacuum in the condenser. The barometric condenser 
is, therefore, adapted to cases where an ample supple of water is available 
under a pressure of 8 or 10 lb per sq in., or at a level at least 15 feet higher 
(han the discharge pond or water body, or less than 20 feet below the 
water inlet to the condenser head. 

257. Worthington Counter-Current Barometric Condenser.—One of 
these is shown in Fig. 159. Steam enters near the lower part of the 
condenser head, and the injection or condensing water enters near the 
lop. The condensing water flows over a distributing weir and passes 
(hrough a double series of elongated openings which break it into a series 
of sheets or streams. The exhaust steam coming into contact with this 
water spray condenses and passes along with it into the tail pipe. The 
ir is drawn off at the top of the condenser by a dry vacuum pump or 
air ejector. The air passes through the sheets of cold water before 
arriving at the condenser outlet and thus is effectively cooled before 
entering the air pump. 

258. Condenser Pumps.—Circulating water pumps are usually of the 
vontrifugal type, nearly always so in the larger sizes. Great quantities 
of water must be handled in the larger condensers. For example, a con- 
denser for a 30,000 kw turbine requires about 2,000,000 gallons of water 
por hour. 

Centrifugal pumps are most largely used as condensate pumps for the 
lurger sizes. In smaller condensers reciprocating pumps are sometimes 
wed. A reciprocating pump can be used as a wet-vacuum pump, i.e., one 
which removes both condensate and air. The vacuums possible with 
wel-vacuum pumps are much less than can be obtained with separate 
vondensate and air pumps. Various types of air pumps or ejectors are 
wed, some of which will be discussed in a following section. 

259. Condenser Water Requirements.—The total energy entering a 
lurbine or engine with the steam is accounted for as follows: (1) that 
converted into useful work at shaft, (2) that converted into work but 
(issipated in friction at bearings, etc., (3) heat lost by radiation and 
eonduetion from the hot surfaces of machine and connected piping, (4) 
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Fig. 159. Worthington Counter-Current Barometric Condenser with Conde 
Detail Shown at Right. 
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energy in some instances leaving with the steam going to bleeders or for 
process work and drawn out at higher than exhaust pressure, (5) energy 
leaving with the steam passing to the condenser. 

The condenser circulating or injection water must remove all the 
enthalpy received in the exhaust steam with the exception of that re- 
maining in the liquid or condensate when it leaves the condenser. 

The energy converted into work at the shaft, Item 1, can very easily be 
calculated when the steam rate of the unit is known. For example: a 
turbine uses 20 lb of steam per kwh delivered; find energy converted 
to work per lb of steam. 


20 lb steam develop 1 kwh = 3413 Btu; 


sae =. 170.6 Btu, into work. 


When the steam rate is not known isentropic enthalpy drop or work on 
Rankine cycle can be multiplied by an appropriate engine efficiency to 
vive an approximate idea of the quantity of energy per pound of steam 
turned into work. 

Items 2 and 3 together seldom amount to over one or two per cent of 
the enthalpy of the entering steam. 

Item 4, heat to bleeders, etc., when used, must be definitely known 
before condenser calculations can be made. 

The heat absorbed by the circulating or injection water in a condenser 
por pound of steam is always equal to the temperature rise in this water 
muitiplied by the mean specific heat of the water for that temperature 
range. Ina jet condenser the temperature of the leaving injection water 
ix equal to the temperature of the condensate. The temperature of the 
injection water and condensate mixture will range from about 5 to 20 deg 
below the saturation temperature of the steam at condenser pressure. 
In a surface condenser, the temperature of the condensate ranges from 
0 to 10 deg lower than the steam temperature in the condenser. The 
iomperature of the discharge water ranges from 6 to 20 deg below that 
orresponding to the saturation temperature of the steam at condenser 
pressure. 

lx AMPLE 2.—A 20,000 kw turbine has a steam rate of 14 Ib per kwh when supplied 
with steam at 250 psi at a temperature of 500° F', and when operating against a back 
yousure of 2in. Hg. Circulating water is supplied at 67° F and leaves at 12 deg below 
tho saturation temperature in the condenser. The condensate is subcooled 6 deg on 
loaving the condenser. Find: (a) energy converted to work per Ib steam ; (6) enthalpy of 
loam entering the condenser, neglecting radiation, etc. ; (c) heat removed from each Ib of 
sloam by condenser circulating water ; (d) lb of circulating water required per lb steam ; 


(») lb of steam used per hour at this load; (f) Ib of circulating water per hour; (g) gallons 
per minute (gpm) capacity of circulating water pumps required, 





1 lb steam converts 
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Solution.— Vor 90° F, using PV = MBT: 
_ (144) 0.58) (0.491) (1) _ : 
(a) Energy converted to work per Ib steam = rs = 244 Btu. Ans. Ma = ~53.33)(460 + 90) 0.001395 Ib air per cu ft, 
(b) Enthalpy of inlet steam to turbine at 250 psi, 500° F = 1263.4 Btu. 1 1 4 
Enthalpy of steam entering condenser = 1263.4 — 244 = 1019.4 Btu. Ans. — = ——— = 0.00214 lb steam per cu ft (from Steam Tables) for 90° F. 
(c) Saturation or condensation ie of exhaust = 101.1° F. 4 468.0 
Temperature of condensate leaving condenser = 101.1 — 6 = 95.1° F. Ny TRO Te 
Enthalpy of liquid, hy, corresponding to 95.1°F  =63.1 Btu. For 75° F: M,= 140)(1,12) 0.401) (1) 0.00277 Ib air per cu ft, 
Heat removed from each lb of steam in condenser = 1019.4 — 63.1 (53.33) (460 + 75) 
= 956.3 Btu. Ans. 1 1 
(d) Heat absorbed by each lb circulating water = — = = —— = 0.00135 lb steam per cu ft (from Steam Tables) for 75° F. 
(sp ht) (temp leaving — temp ent.) = (1)[(101.1 — 12) — 67] = 22.1 Btu. v, 740.0 
Results —By removing air-vapor mixture at 75° F instead of 90° F 
Lb of circulating water required per lb steam = 26.8 = 43. Ans. “7 ‘ . - ‘ 
(2): Ub of steam per nour = (14)(20,000) = 280,000. Ans LL 1.98 times as much air is removed per volume handled, 
(f) Lb of circulating water per hour = (280,000) (43) = 12,040,000. Ans. and only 
12,040,000 : : P pall Bs 0.631 times as much steam need be removed by air pump. 
ao aay = 24,100 gpm capacity of circulating water 0.00214 
(60) (8.33) pumps. A 


261. Reciprocating Dry Air Pumps.—These are adequate for vacuums 
lip to 27 inches, but for higher vacuums have been largely supplanted by 
other types. Fig. 160 shows a reciprocating dry vacuum pump built by 
Allis-Chalmers. The air end is at the right. The discharge valves are 


260. Air Removal.—Where high vacuums are required, wet vacuu 
pumps are inadequate and separate condensate pumps and air eject, 
are used. The limiting factors determining the vacuum which can 
maintained are the lowest available temperature of the cooling wa’ 
its quantity, and the effectiveness of the air removal system. As 
volume of a gas varies inversely as the pressure when the temperature 
constant, the capacity of the air removal apparatus must greatly 
crease for slight increases in vacuum. 

The air pump must in every case draw the air, saturated with wa 
vapor, from the condenser and compress it to atmospheric pressure 
remove it from the system. The work required to do this can lar 
be reduced by effective cooling of the air supplied to the pump. 
must be done in most cases without appreciably subcooling the conder 
sate. Various methods of cooling the air have been shown in the seve 
condenser types described. An example will show the desirability 
cooling the air. 








I @ - } . 
| { —_ 
A JK } 


Fia. 160. Allis-Chalmers Reciprocating Dry-Vacuum Pump. 





‘ulomatic but instead of having suction valves at the end of the stroke 
(he piston overruns a ring of ports at the middle of the cylinder and the 
ir rushes in from the condenser. The pump is steam-driven and is of the 
(lywheel type. The steam cylinder is shown on the left. 

262. Hydraulic Air Pump or Hurling-Water Pump.—In this type of 
pump a rapidly rotating impeller, provided with suitable water passages, 
sontinuously hurls thin sheets of water into a discharge cone, where it 
mnilrains the air led to the cone from the condenser. The intimate mix- 
liive of air and water then passes into an expanding diffuser cone, where 
the kinetic energy of the moving stream is converted into a pressure high 


EXxampte 3.—Compare the weights of air which can be removed by a given air p 
from a condenser in which the pressure is 2 in. Hg, 
(a) when temperature of air is 90° F; (b) when the temperature is 75° F. 


Solution.— 
Pe = Pa + Psy Pa.™ Dc — Ve (See Sect. 248). 
For 90° F: ps = 0.6982 psi (from Steam Fables) = 1.422 in. Hg, 
Pa = 2in. — 1.42 in. = 0.58 in. Hg. 


For 75° F: p. = 0.4298 = 0.875 in. Hg, 
Pa = 2in. — 0.88 in. = 1.12 in. Hg. 
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Jet Condenser Equipped with Westinghouse Le-Blanc Air Pump, Enlarged Cross-Sectional 
View of Air Pump at Left. 


Fig. 161. 
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enough to discharge the air against atmospheric pressure. The water is 
collected and used again. A section through such a pump is shown in 
‘ig. 161. Water is supplied to the rapidly rotating impeller and is 


thrown out in a series of sheets into the 
vombining tube, shown in pump cross- 


section. Between successive sheets a. 


volume of the air is compressed to atmos- 
pheric pressure in the discharge cone. 

The hurling-water air pumps are now 
obsolete. They were slow in building 
up vacuum on starting and required 
inuch power. 

263. Steam-Operated Air Ejectors.— 
The steam ejector, acting on the same 
principle as the injector used for boiler 
feed, was first used commercially about 
1012 for removing air from condensers. 

‘igure 162 shows a single-stage air 
#jector. Line-pressure steam is supplied 
ul the top to the nozzles (one or more 
wan be employed). Expanding in the 
jwozzles, the steam leaves at high velocity, 


LINE 
STEAM 









UN SSH 

ha f 
i 
S 










NOZZLE 
HEAD 






AIR WITH STEAM «<=; 
FROM CONDENSER wage 

NOZZLE 
EXTENSION 








NOZZLE 


ZZ 


ZZ 





SS 
eS aaa 

4 

4 


Tis 






aww wa aa 


ny 


DIFFUSER 


Fic. 162. Single-Stage Air Ejector 
for Condenser. 


#000 to 3000 fps. In the mixing space particles of saturated air are struck 
ly these high velocity jets and dragged or propelled at lower velocity 


LINE STEAM 





AFTER-CONDENSER 





ANP With STEAM 
FROM CONDENSER 


NOZZLE 


DIFFUSER 


INTER-CONDENSER 
AND AIR COOLER 


"ia. 163. Two-Stage Air Ejector for 
Condenser. 


into the narrow entrance to the 
diffuser. The kinetic energy 
possessed by the mizture is 
transformed into pressure in 
the gradually expanding cross- 
section of the diffuser, and is 
sufficient to overcome the dif- 
ference between the atmos- 
pheric pressure and the very 
low pressure corresponding to 
the vacuum in the condenser. 
For the higher vacuums, it 
is now customary to install a 


{woestage air ejector, keeping the pressure ratio for each stage less than 
wiht. By installing a condenser between the stages to remove the ex- 
must steam from the first stage, the volume of gas handled by the second 























é 
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one side and water on the other side, and to A, the mean temperature 


stage ejector is reduced, and steam economy improved. In Fig. 163 e 
difference, or 


condenser connection is shown at the upper left. The line steam sup 
to the two ejectors is indicated. The discharge from the second eje 
is to the atmosphere. 

Figure 164 shows the general arrangement of an Elliott-Ehrhart © 
bination Ejector installed to remove air from a surface condenser. 
the first-stage ejector is shown in section. The second-stage ejector 
a single nozzle. 


Q = UAA, (1) 


where Q is Btu per hour, and A is sq ft of outer surface. 

‘The coefficient U varies with the rate of steam flow, the cleanliness of 
hoth inside and outside of the tube, the water velocity, the amount of air 
nixed with the steam and the tube material. Films or stagnant layers 
of gas or liquid cling to the tube surfaces. The films retard heat flow 


fur more than the metal wall does. 
Ma 
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lia. 165. Film Factor, h,, for Water Flowing Inside of Condenser Tubes. 


Fic. 164. General Arrangement of Ejector Condenser. 
(Courtesy of Elliott Co.) 


‘The coefficient U is computed by allowing for film resistance by film 
factors: h, for the steam side, and h, for the water side of the tube. 
), ~ 1500 to 3000 Btu per hr sq ft deg F, and h,, is obtained from Fig. 165. 
‘Then, neglecting the small resistance offered by the thin tube itself to 
hent flow: 


It will be noted that the cooling water for the ejector condenser is 
condensate from the main condenser. The condensate from the 
stage ejector condenser goes to the hotwell of the main condenser. 
U-tube connection for this line permits the two condensers at diffe 


pressures to be connected together. The condensate from the see U = 1 (2) 
stage ejector is generally taken to a feed-water heater. a al dy 1 
264. Surface Condenser Calculations.—The heat transferred f igh ide Bo 


the steam to the flowing water, through the condenser tube, is pr 
tional to the coefficient of heat transfer U, in Btu per sq ft of outer 
surface per hour per deg F, to A, the surface ‘exposed’ with ste 


i, and d; are outside and inside diameters of the condenser tube. 
Condenser tube sizes are designated by the owtside diameter. Usual 
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sizes are 1 in., j in., } in. and 3 in. The thickness or gage is often 
BWG = 0.049 in., or 16 BWG = 0.065 in. 
ExampeE 4.—For an 18 BWG, 1 in. condenser tube and a water velocity of 6 
find the value of U for a cleanliness factor of 85 per cent. 
Solution.—Use h, as 2,000 and by Fig. 165, hw = 1350. Substituting in eq 2 


1 
U hinge = Saar eo Btu per hr sq ft deg F. 


2000 + 0,908 0.902 1350 


The above value assumes clean tubes, but after even a short time of use some 


posits of extraneous material appear and reduce the value of U. If the factor is 


per cent of that for a clean tube 


= (0.85)(757) = 643 Btu per hr sq ft deg F. Ans. 


The value of U is not constant throughout a condenser but, unless 
removal is inadequate thus causing a blanketing of the tubes, or u 
time between cleaning periods is long; a representative value can be ¢ 
puted as above. The most usual values run between 400 and 700. 

The temperature in the steam chamber of the condenser is app 
mately constant while the temperature of the circulating water grad 


increases in going through 


ts,Steam Temperature,F condenser. The logari 
to, Leaving Water Temp. F mean temperature differ 
7 : 
is most frequently used as 
t;, Entering Water Temp.F = WOF king expr Cea for 
Direction of temperature difference. 


: ae aR se deriving this, consider 
FAG: TR AO ture Difference. the quantity of heat abs 


by M’ lb of water per 
rising in temperature from #; to t) is M’(t) — t:)(1) = M’(A; — Ag) 
when using the notation of Fig. 166. The steam temperature ¢, d 
condensation does not change. 


By eq 1, 
a = 2. = M(Ai = Av) 
SINC AU , 
Li Ai — Ao | 
A= 15 oe 


This applies for the whole length of tube. For a short length of 
of area, dA, through which the water rises in temperature by dt = = 
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(legrees, eq 3 becomes: 


AdAU 
“7 a (4) 
dA _ dAU 
rAd am 7 ae (4a) 
Integrating: 
Ay AU 
— log. = ly ci (5) 
und substituting from eq 3: 
Bo ae Ai — Ao = Ao ‘ 
— loge x S pees TaaAeN (6) 


sh 
Thus: 


Aw bor de AAs 7) 


log. a 2.3 logio a 


‘\ is called the logarithmic mean temperature difference. It is more 
wonvenient to write eq 7 as follows using ta: instead of A: 


Logarithmic mean temperature difference = 
GTD — LTD 


tai = eg 2s (8) 
ST TD 
The arithmetic mean temperature difference = 
D+LT 
tu, = SPO FET @) 


Where: GT’D = greater temperature difference, i.e. condensing steam 
temperature less the temperature of the coolest 

(entering) circulating water 
LTD = lesser temperature difference, i.e. condensing steam 
temperature less the temperature of the warmest 

(leaving) circulating water. 


The uniform rise in the temperature of the water assumed in the arith- 
inolic temperature difference is less accurate but may suffice for approxi- 
inte calculations. 


‘The temperature of the dedaibe water leaving the condenser is 


whout 6 to 15 deg lower than the saturation temperature in the condenser. 
Vor use in problems, a value 14 deg lower is reasonable. 
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For an approximation when vacuums are in excess of 26 in. of mercu 


it is usually sufficiently accurate to assume that a condenser must rem 
950 Btu from each pound of steam. 


Examperte 5.—A 10,000-kw turbine operates under a vacuum of 28.5 in., 30 
barometer. Steam is supplied at 400 psi, 550° F. Circulating water enters at 6 
The turbine uses 13 Ib of steam per kwh. Using 1-in. tubes and water velocity of 6.0 
find the required amount of circulating water, the logarithmic mean temp diffe 
the sq ft of surface required, the number and length of condenser tubes and horse} 
of circulating water pump. The condensate is subcooled 5 deg and the leaving 
culating water is 12 deg below the saturation temperature. 


Solution.— 
p. = 30.0 — 28.5 = 1.5 in. Hg, pres. in condenser. 
t, = 91.72, ie., 91.7° F, saturation temp, corresponding to 1.5 in. Hg. 
t, = 91.7 — 12 = 79.7° F, leaving circulating water temp. 
t, = 62°F, entering circulating water temp. 
¢ = 91.7 — 5 = 86.7° F, temp condensate, hy, = 54.7 Btu. 
h of steam entering turbine = 1277.2 Btu, at 400 psi, 550° F. 


h of steam entering condenser = 1277.2 — PBS 1014.7 Btu. 


13 
h of condensate at 86.7° F = 54.7 Btu. 
Heat to be absorbed by circulating water = 1014.7 — 54.7 = 960.0 Btu. 


; : 960.0 960.0 
Lb circulating water per Ib steam = mlb 1) ~ W797 — 62) - 


Lb of steam per hr = 10,000 X 13 = 130,000, or 2166 lb per min, 
Lb of water per min = 2167 X 54.2 = 117,500. 


Gallons per min req’d = am = 14,100 gpm. Ans. 


29.7 — 12 MOLT 
91.7 — 72 ~~ 2.3(0.394) 
2.3 logio 91.7 — 79.7 


= 19.5deg. A 





Log mean temp diff = ta = 


U = 653, from Example 4. 
Q = (10,000) (13)(960.0) = 124,800,000 Btu to be absorbed per hr. 


A= og tae es 9,790 sq ft of surface required for condenser. Ana, 


Cross-sectional area inside tubes, if a single pass, 


quantity, cuftpersec _ 14,100 5.24 8q ft. 


The figure 7.48 is the number of gallons in 1 cu ft. 
Number of tubes = 5.24 144 + 0.632 = 1194. Ans. - 
The figure 0.632 is the sq in. cross-sectional free area of a 1-in. tube (18 gage 
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Tube length, if a single pass condenser. 
L X 0.262 X 1194 = 9,790. LE = 31.3 ft. 
The figure 0.262 is the steam exposed surface per ft length of 1-in. tube. 


Make a two-pass condenser, ae = 15.7, say 16 ft long. Ans. 


‘The pressure head lost in friction in fairly clean condenser tubes may be found from 


‘Table 22 which shows for two-pass, 6 fps, 9.0 ft loss. 


Adding 6 ft static lift, 10 ft head loss for connecting piping, the total head which the 


jump must work against becomes 9.0 + 6 + 10 = 25.0, or in round numbers 25 ft. 


TABLE 22 


ConDENSER WATER Friction Loss 
(Courtesy Westinghouse Elec. Co.) 





Condenser Friction in Feet of Water 


























\ Effective 
ater The 
Volocity, Tank +’’—18 BWG Tube | }’’—18 BWG Tube | 1’—18 BWG Tube 
ps Feet ” 
One-Pass | Two-Pass| One-Pass | Two-Pass} One-Pass | Two-Pass 
6.0 16 5.9 11.8 5.0 10.0 4.5 9.0 
18 6.4 12.8 5.5 11.0 4.8 9.6 
20 7.0 14.1 6.0 12.0 5.2 10.4 
22 7.6 15.2 6.5 13.0 5.6 tL? 
24. 8.2 16.4 6.9 13.9 6.0 12.0 
26 8.8 17.6 1.5 14.9 6.4 12.8 
28 9.4 18.8 7.9 15.9 6.8 13.5 
6.5 16 6.8 13.5 5.8 11.5 5.0 10.1 
18 7.4 14.9 6.3 12.6 5.5 11.0 
20 8.1 16.2 6.9 13.8 6.0 12.0 
22 8.8 17.6 7.4 14.9 6.5 12.9 
24 9.5 19.0 8.0 16.0 6.9 13.8 
26 10.2 20.3 8.6 ney ea 7A 14.8 
28 10.9 21.7 9.1 18.2 7.9 15.7 
7.0 16 a 15.4 6.5 13.0 5.7 11.5 
18 8.5 17.0 1.2 14.3 6.3 12.5 
20 9.3 18.6 7.8 15.6 6.8 13.6 
22 10.1 20.1 8.4 16.8 73 14.7 
24 10.9 Died, 9.1 18.1 7.9 15.8 
26 11.6 23.3 9.7 19.4 8.4 16.8 
28 12.4 24.9 10.3 20.7 9.0 17.9 
7.5 16 8.8 17.5 74 14.8 6.5 12.9 
18 9.6 19.4 8.2 16.3 Gel 14.1 
20 10.5 21.1 8.9 17.8 hed 15.4 
22 11.4 22.9 9.6 19.2 8.3 16.6 
24 12.3 24.6 10.3 20.7 8.9 17.8 
26 13.2 24.6 11.1 224. 9.5 19.0 
28 14.1 28.2 11.8 23.6 10.1 20.2 
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made for air to enter from louvres in the sides as well as from bottom 
openings. 

In all of these types the greater part of the heat is dissipated in evap- 
orating a portion of water into the circulating air. Some heat is dissi- 
pated in raising the temperature of the air. The water can be cooled in 
(he limiting case to the wet-bulb temperature of the entering air but this 
mount of cooling is seldom realized. Because of evaporation, from 2 to 6 
per cent of make-up water must be supplied for any recooling system. 


The horsepower required for the circulating water pump, allowing 75 per cent p 


efficiency, is 
117,500 X 25 _ 
(33,000) (0.75) — 119 horsepower. Ans. 


265. Cooling Water Requirements.—From 50 to 70 Ib of water 
required per pound of steam condensed. A 100,000-kw plant with 
average steam rate of 14 1b would require approximately (100,000) (14) ( 
or 84,000,000 1b of circulating water per hour. It can thus be seen tha 
large steam power plant must be placed adjacent to a river, large lake or 
tide-water. In many instances power plants would be set up at the ¢ 
mine mouth to save coal transportation costs if it were not for abs 
of available cooling water at such points. 

Whenever it is necessary to build a power plant at a place where | 
quantities of circulating water are not available some means for using 
same water over and over must be devised. Installations of this 
are to be found in small industrial power plants located in cities aw 
from any large body of water and in certain arid sections of the coun 
where water is scarce. Methods of using the same water again and 
by recooling are: (1) cooling ponds; (2) cooling ponds with spray noz 
(3) cooling towers. 

266. Cooling Ponds.—These are ponds or small lakes which at the 
face give up heat to the cooler atmosphere. The greater part of the « 


269. Problems.— 


Unless otherwise stated, pressures are absolute. 


1. The pressure in a condenser is 2 lb per sq in., the temperature is 118° F. Find the 
partial pressures of the steam and air in the condenser and the weight of air per lb of 
stoum. 

2. Condenser pressure is 2 in. Hg and the temperature is 92°F. Find the relative 
proportions, by weight, of the steam and air in the mixture. 

3. Calculate the maximum vacuum obtainable, referred to a 30-in. barometer, when 
(hore is entrained 0.09 lb of air per lb of steam. Condenser temperature is 90° F. 

4. The temperature of the steam entering a condenser is 95° F. The temperature of 
(ho air-vapor mixture entering the condenser air ejector is 70° F. The air entrained with 
twh lb of steam entering the condenser is 0.001 lb. Calculate the steam and air pres- 
sires, (a) at inlet to the condenser, (6) at inlet to the air pump. Condenser pressure at 
ir ejector inlet is 0.1 in. Hg lower than condenser pressure at inlet. 

5. A 30,000-kw turbine uses 12 lb of steam per kwh. Inlet steam is 300 psi, 620° F, 
vacuum is 28.5 in. referred to a 30-in. barometer. Condensate leaves at 87°F. Cir- 
hulating water enters at 70° F and leaves at 83° F. Find: (a) heat converted into work 
jor lb steam, (b) enthalpy of steam entering condenser, (c) lb of circulating water per Ib 


ing effect comes from the evaporation of a portion of the water. A sloum, (d) lb of circulating water per hr, (¢). gpm spose d ¢ ckoubiing 7 ago 
SDB . : 6. A 1000-hp steam engine uses 18 lb of steam per ihp-hr when supplied with steam 
u per sq ft of pond surface, per hour, per degree difference in 4 260 Ib, 500° F. Vacuum is 26 in. Hg referred to a 30-in. barometer. Injection water 


lors the attached jet condenser at 75° F and leaves at 101° F. Find: (a) heat con- 
verted into work per lb steam, (b) enthalpy of steam entering condenser, (c) Ib of circu- 
lating water per lb of steam, (d) lb of circulating water per hr, (e) gpm capacity of circu- 
lating water pumps. 

7. A steam engine uses 26 lb of dry steam per ihp-hr, initial steam pres., 125.2 psig, 
fwrometer 30.2 in. Hg; vacuum is 25 in. Injection water temperatures are 72°F, 
ealering, and 95° F, leaving. Find lb of injection water required per lb of steam if 2 
per cent of the enthalpy of the entering steam is lost by radiation, etc., from the cylinder 


perature between pond and air is an average figure for heat dissipat 
For a plant of even moderate capacity an enormous pond area is requ 

267. Cooling Pond with Spray Nozzles.—Hot water is sprayed 
the air, over the surface of the pond, to accelerate cooling action. In 
doing the evaporation is greatly increased and a large amount of 
can be dissipated for a relatively small pond area. 


: 2 : wid piping. ot : ee : 
268. Cooling Towers.—These require the minimum amount of | &. The exhaust from a 200-hp steam engine is ied for og a spore. Higgosa is 
: eae ae ate a “ipplied to the engine at 105.3 psig and 98 per cent dry. e steam rate of the engine 
area for a given heat dissipation. They are built in box-like form, \» 10 lb per ihp-hr when the back pressure on the et RN is 5.3 psig. Two per cent of 


\w enthalpy of the entering steam is lost at the engine. If the condensate returns 
from the building radiators at 182° F, how much heat is utilized in the building per hour 
when the engine is developing 200 hp. 


hot water is pumped to the top of the tower and drops over a serio# 
baffles to the bottom of the tower. In the natural-draft type the 
inlet is at the bottom and the sides are closed. The air rising to the 
is heated. The circulation is similar to that which exists in a chimn 
The forced-draft cooling tower resembles the natural-draft type but 
equipped, at the bottom, with fans which blow the air up through 
descending water and greatly increase capacity in supplementing 
natural draft. In the atmospheric-type natural-draft tower, proviai 


For Problems 9 and 10 calculate: 


(a) Enthalpy of exhaust steam, Btu per Ib; (b) value of U (coefficient of heat trans- 
fev); (c) amount of circulating water in gallons per minute (gpm); (d) number of tubes 
jer pass; (e) length of tubes; ({) number of passes; (g) friction head lost in condenser; 
)) water horsepower, assuming 10 ft head lost in piping outside of condenser ; (7) actual 
‘inp horsepower, assuming pump efficiency to be 60 per cent for 30 water horsepower, 

) per cent for 40 hp, 75 per cent for 50 hp, and 80 per cent for 60 hp or larger. 
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9. Turbine horsepower is 10,000; steam pressure, 350 psi; steam temp, 530° 
vacuum, 28 in.; 30-in. barometer; steam rate, 10 Ib per hp-hr; water velocity in tub 
7 fps; size of tubes, 1 in.; water temperatures entering and leaving, 70° F and 85° Pf 
condensate 95° F. ( d 

10. Turbine 200 hp; steam is dry saturated and at 105.2 psig; vacuum 27 in. ; 
barometer; steam rate 27 lb per hp-hr; water velocity, 6 fps; size of tubes, ¢ in.; wi 
temperatures, 80° F and 95° F'; condensate 105° F. 

11. If in Problem 5, the water velocity is 6.6 fps and the coefficient of heat tran 
(U) is 620, find: (a) the number of No. 18 BWG 1-in. tubes in each of the 2 passes of th 
condenser ; (b) Length of water travel. 

12. A 35,000-kw steam turbine is equipped with a surface condenser having 50, 01 
sq ft of tube surface. The following operating data were obtained: Vacuum 29 in 
barometer 30.1 in., inlet steam at 400 psi, 640° F. The circulating water enters at 62.5” 
and leaves at 75° F. The condensate leaves at 78° F. The turbine was developing 8 
per cent of rated load and using 11.62 lb of steam per kwh. Assume one per cent of 1] 
enthalpy of the inlet steam is lost in radiation. Find: (a) the heat removed in the e¢ 
denser per hour, (6) the value of U for this condenser, using a logarithmic mean temp@e 
ture difference, (c) the gpm of circulating water. : : 

13. A condenser tested on a turbine with non-extraction operation yielded the 
lowing data: turbine load 42,790 kw, weight of steam condensed 327,965 lb per hr, 
thalpy of exhaust steam 998.1 Btu, barometer 29.53 in. Hg, pressure of steam enter 
condenser 2.14 in. Hg, temperature of condensate 102.4° F, temperature of air-steam 
removal flange 95.2° F, temperature of condensing steam 103.0° F, circulating ) 
flowing 15,971 gpm, 43,000 sq ft of surface in this 2-pass condenser with 1 in. arsent 
copper tubes 22 ft long. Water velocity in tubes 2.15 fps and water enters at 57, 
leaves at 95.1°F. For the condenser compute the |b of air per Ib of steam: (a) ente’ 
the condenser; (b) at the air-steam removal flange; (c) find the heat delivered by | 
steam per hour and compare with the heat absorption of the circulating water} 
find the logarithmic mean temperature difference and using this and the heat flow 
heat a teh (d) compute the value of U. (e) By the methods of Sect. 264 comp 
the value of U. 


On 


CHAPTER XVI 
STEAM POWER PLANT CYCLES, HEAT BALANCES 


270. Steam Cycles.—The Rankine cycle for many years was the pro- 
lotype cycle on which steam equipment operated. In the constant 
striving for higher plant efficiencies new cycles largely built on the frame- 
work of the Rankine have been developed. These newer cycles are 
willed Reheating, Regenerative or Bleeding, Reheating-Regenerative, 
nd Binary-Vapor. 

Before discussing these newer cycles it seems advisable to discuss 
inethods of improving Rankine cycle efficiency. 

Lowering of back pressure makes more work available. The exhaust 
pressure is limited by the temperature of the cooling water, and by the 
Wapacity of the equipment to handle the large steam and air volumes 
Which exist at very high vacuums. For example, the specific volume of 
sleam is three times as great with 29 in. Hg vacuum as with 27 in. vacuum. 
One inch of mercury absolute pressure is often attained, and represents 
ilmost the economic limit in this direction. 

Superheating of inlet steam supplied to the turbine slightly improves 
the cycle efficiency. But the major benefits resulting from superheating 
ure evidenced with the superheated and dry steam producing a better 
jorformance within the turbine itself. For some time about 750° F was 
{he conventional maximum temperature used for high-pressure steam. 
‘This limit has risen and 900° F is now being used in several plants. With 
(he use of alloys, temperatures up to 1000° F are practicable. A steam 
lomperature of 1000° F has been commercially used at the Delray Station, 
Detroit, Mich. 

‘he tendency in power plants at the present time is toward higher 
pressures and temperatures. Few new large stations are being installed 
with pressures less than 600 psi, and stations using pressures of 800, 
1200, and 1600 psi have been and are being built. Pressures of 200 to 
100 psi are still common, but none of the newer larger stations are using 
jiressures as low as these. Investigations and trials on boilers operating 
il the critical pressure of 3200 psi have been made but there is not much 
evidence that many such installations will be made, although several 
jwilers in Europe are successfully using this pressure. Stations using 
jewsures around 1200 and 1600 psi cost somewhat more per installed 
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kilowatt than low-pressure stations, but in many instances the resulti 
thermal economies pay a return on the greater investment. 

271. Reheating Cycle.—Steam in expanding through a given press 
range in a turbine loses superheat and then decreases in quality as expa 
sion is continued in the wet region. The internal losses and maintenar 
costs for a turbine operating in the superheated steam region are less thi 
for operation in the wet region. 
is advisable in some cases after 
steam has expanded through a p 
of its range to withdraw it from t 
turbine, reheat it in a reheater, 
constant pressure, to the initial 
perature, and then complete the 
pansion in the turbine. Rehe 
either use live steam from the bé 
or they are placed in the path of 
flue gases, or both methods may 
Fie. 167. Diagram of a Steam Power used. A }. 

Plant Using Reheating. Figure 167 shows diagra 
matically the elements of a p 
using one stage of reheating with a compound turbine. Superhe 
steam is supplied to the turbine, and retains a slight superheat lew 
the high-pressure turbine. The steam next passes in turn through 
live steam reheater and flue gas 
reheater and then enters the low- 
pressure turbine. 

The problems associated with 
withdrawing steam from the high 
pressure turbine leading it to the 
reheater and returning it to the 


272. Regenerative Cycle.—Figure 168 shows a diagrammatic layout 
of a plant using regenerative heating. In such a cycle, steam is extracted 
or bled from the turbine after it has done some work, but before it has 
expanded to the exhaust pressure, and is used to heat the feed water. 
One to three points of extraction are commonly used. Condensate 
(ig. 168) from the condenser hotwell passes to the first heater. For this 
heater, enough steam is extracted at one of the latter stages of the turbine 
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Fia. 169. 7's Diagram Illustrating an Idealized Regenerative Cycle. 
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lo raise the feed-water temperature almost to the temperature of the 


low pressure unit are complex. extracted steam. The feed water then passes to a second heater for which 
The piping to and from a furnace- sloum is extracted from an earlier pressure stage in the turbine. The 
type reheater, which is the pre- food water is heated almost to the temperature of this extracted steam. 
ferred type, is large and cumber- Fria. 168. Diagram of a Steam Powor Nimilarly, the feed water is led through the final heater and its tempera- 


ti 
some and the reheaters themselves Using Regenerative Heatiagy 


embody additional equipment. The steam also experiences a pre 
drop in the process. The thermodynamic gain from reheating is av 
and recent designs attempt to avoid reheating by using higher initial t 
perature (over 900° F) so that the moisture in the final turbine stages 
not be excessive. 


live is raised to the final temperature desired, usually 50 to 100 degrees 
low than saturation temperature in the boiler. 

It is not possible to show the exact extraction processes on a single 
7» diagram as different portions of steam follow different sequences or 
processes. However, for an idealized picture, Fig. 169 will be used and 
for simplicity a dry saturated steam supply will be taken. At pressure 
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Ps enough steam is extracted so that the energy corresponding to 
area kj98, showing the condensation of this steam is sufficient to war 

the feedwater from temperature ¢, to ta requiring the area cd43. 
pressure P; enough steam is extracted so that in condensing, ene 
: pressure P; enough steai 
is extracted so that, in condensing, energy equivalent to the area on76 
available to warm the condensate (feed water) from t, to t, transfer 
heat shown by the area, ab21. The net result of this process is that 
boiler starts with feed water already brought to the high temperature 
instead of having to start with condensate at temperature t,. This he 
saving has occurred at the expense of losing the work area correspond 
to jklmnogr. The area showing heat dissipated to the condenser h, 
been reduced in amount to the area aq61, from the non-extraction mag 
tude of ar91. Notice also, that if an infinite number of heater stages we 
supplied, the points zkmos would be on a continuous line and a warp 
but true Carnot cycle would result. The net work area is shown cro 
hatched downward to the right and the heat rejection area cross hatch 
upward to the right. 
Figure 169 clearly represents the result accomplished and the areas # 
correct in magnitude, but it does not give the true sequences of the diff 
ent steam quantities. For example, the steam extracted at pressure | 
has its state point at location u on leaving the turbine and in condensi 
it arrives at point c. The condensation area is thus uc39 but when 
area representing one pound is multiplied by the fraction of a po 
extracted the relative magnitude of the area becomes Im78 as shown, 
To recapitulate, the net result of this process is that less heat ne 
be supplied the boiler per work unit delivered from the cycle (kwh 
hp-hr, etc.). Some of the latent heat of the steam which would otherw 
be thrown away to the condenser cooling water is utilized for heating 
feed water. The progressive heating by bleeding enough steam at eng 

higher temperature to bring the feed water to nearly that temperat 
leads to high thermodynamic efficiency. As it is necessary to extract, 
steam at higher pressure and temperature than that of the exhaust, | 
work is obtained from each pound extracted, but the cycle heat sa 
more than compensates for this loss of work. 
Usually closed heaters are used and the water is heated under press 
so that it will not flash into steam in the final heaters. However, 
or more of the heaters, usually in the lower pressure range, may be of ¢ 
open (direct-contact) type. The drips or extracted steam condensate ¢ 
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lw either pumped into the feed-water line or allowed to empty through 
(raps into the feed-water system at a point of lower pressure. 


ine i i i i, 700° F, and exhausts at 
o —. bine is supplied with steam at 400 psi, 7 ; 
eo oa on the tibiae at a pressure of 6 psi, is ok to ness be bala 
4 r wees that the unit operates on an ideal bs se phagrile rite easier 
Ba: i D lb of steam supplied to turbine ; 
lind: (a) weight of steam extracted per argon a ah pe ae MER ar rere 
’ tering turbine; (c) heat supplied by boiler p m; 1 
OF or cits (e) if the extraction valve is closed, find the thermal eff of unit operating on 


4 Runkine cycle. 


Solution.— east 
= 1362.7 Btu, s: = 1.6398 at 400 psi an . 
yyhe isentropic expansion to 6 psi bleeder pressure (B): 
j hie 1014.6 Btu (from hs chart or by calculation). 
After isentropic expansion to 1 in. Hg exhaust pressure. 
881.2 Btu (from hs chart or by calculation). 


ioe i d r entering heater. 
a t 1 in. Hg, condensate from condense *e 
Hom eis Iba prod eaetnad the turbine, let M lb be extracted, then (1 — M) 


Pat pring the (= MO) ib of condensate io the temperature of ihe extracted 
oa a ae ae. Pee beat reosived by turbine condensate 
entering heat TU(l014.6 138.0) = a = 39038. — 47.1),,, M = 0.004. 
Wort Se en eet condenser ns _ hy) v(L — M) = 436.2 Btu, 


= 468.9 Btu. 


(b) 


i i Ans. 
Total work realized per lb steam entering turbine n 


(ec) Heat supplied by boiler per Ib steam: 
h, — hyg = 1362.7 — 138.0 = 1224.7 Btu. Ans. 
(d) Thermal eff of unit operating with regenerative heating : 


Work _ 468.9 
Heat supplied 1224.7 
(e) Eff of same unit when operating on Rankine cycle: 


(hi — he), _ 1862.7 — 881.2 _ 481.5 
hi—hy. 1862.7 — 47.1 1315.6 


= 0.383 = 38.3%. Ans. 





= 0.366 = 36.6%. Ans. 





lxample 1 has carried through the theoretical computation of a one- 


sluwe extraction-heating system. Most systems use more Eocene ea 
of heating and enough data on the actual expansion curve 0 e nes 

(which is called the condition curve) must be known to give the ‘ alpy 
value for the steam at every extraction point. In addition, allowance 


should be made for pressure loss from the turbine to the heater, for ie 
lomperature differences required for heat transfer and in some men fo 
jiont losses to the atmosphere. For preliminary (and often final) design 


i it is cust ry to allow: 
somputations it is customary ; } 
l’or pressure loss: 5% of pressure at entry to turbine-heater line. 
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For temperature difference: assume the water is warmed to within 


of the condensing steam temperature, except in the case of open ( 
contact) heaters in which the condensate and water reach the same 
perature. 

Heat losses are variable, seldom exceeding 2% of the enthalpy of 
entering steam for the whole turbine. 








TABLE 23 
TEMPERATURE RISE FoR EXTRACTION HEATERS 
Optimum Percentage of Optimum Percentage 
Number of Heaters aximum Temperature Maximum Tempera’ 
Rise in Each Heater Rise in All Heaters _ 
1 45 45 
2 30 60 
3 22.7 68 
4 18 72 
5 15 75 
6 13 78 





The optimum temperature rise for different heater combina 
varies over wide limits. Table 23 lists the results of studies in 
connection. The values are expressed as a percentage of the maxi 
possible temperature rise from condensate to saturation temperat 
the boiler. 
















400 psi 
From h=1416.4 
Superheater 232,500 Lb per hr 









Turbine 








11.16 psi 
h=1150 ? 
1 






1 
22,390 Lb perhr | 20,400 Lb per hr | 
rer f aseweee 4 
1 
! m,=0.0963 ¥ M,=0.0877 
Y n=1282 1 h=1150 Condenser 
















74.35 psi 





To Boiler 10.6 psi 
7 F 
302 F us Heater No.1 
atid] |neter Noa 
© 307 F 
1-M,=0.9039 1-M ,-M,=0.816 
210,110 Lb per hr 189,700 Lb per hr 


Fia. 170. Two-Stage, Feed Water Heating Arrangement of Wxample 2. 
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EXAMPLE 2.—A steam turbine operates at 400 psi with steam superheated to 800° F 
and exhausts at 1 in. Hg abs. Two extraction heaters are used. The first heater is 
open and raises the condensate, which leaves the oil coolers at 90° F, to 196° F and the 
second closed heater raises the feed water from 196° F to 302° F. The drip (condensate) 
from the second heater is pumped into the feed line on the leaving side of the heater and 
the boiler feed pump is located between heaters 1 and 2. The overall engine efficiency 


Enthalpy, h 





AVA 


LAVA se 
WW) \A 





Entropy, s 
liq. 171. Diagram for Two-Stage Regenerative Heating, Using Data of Example 2. 


of this 25,000 kw unit is 79.3 per cent and the combined electrical and external mechan- 
joul efficiency of the turbine-generator unit is 97.6%. The steam temperature in the 
‘lowed heater is 5 deg higher than the leaving feed water. The pressure loss in each 
hater is 5% of the steam supply pressure to that heater. 

(a) Sketch the heater-turbine layout; indicating pressures, temperatures, steam 
flows and enthalpies as these are found in the remainder of the problem (Fig. 170). 
Uno a Mollier diagram to lay out the computed condition curve disregarding the residual- 
velocity loss from the last stage of the turbine (Fig. 171). 
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(6) Find the pressure at each heater, required to bring the water to the desi 
temperature, and the pressure at the turbine outlet. 


(c) For the pressure at the turbine outlet flanges, read the enthalpy of the extrac 
steam from the condition curve. 

(d) Find the extraction steam for heater 2 and for heater 1 based on 1 Ib of 
supplied the turbine. 

(e) Find the heat rate based on one kwh delivered and the overall thermal efficien 
under extraction and non-extraction conditions. 

(f) Find the steam flow for 25,000 kw under extraction conditions and un 
corresponding non-extraction conditions. 


Solution.— 


(a) At 400 psi, 800° F the enthalpy of the inlet steam is 1416.4 Btu and i =f 
Isentropic expansion to 1 in. Hg shows the leaving enthalpy to be 905.0 Btu by cale 
tion or by reading the Mollier chart 


Isentropic work available = 1416.4 — 905.0 = 511.4 Btu per lb. 


As stated in the data the overall engine efficiency, based on delivered kw, is 79.3 per 
Engine efficiency based on energy delivered to shaft at turbine casing, i.e. before be 
and generator = 0.976 = 0.813 = 81.3 per cent. 

Work from each Ib of steam undergoing complete expansion 

= 511.4 X 0.813 = 415.8 Btu. 

Enthalpy of steam entering condenser = 1416.4 — 415.8 = 1000.6 Btu per lb. 
Use this enthalpy at 1 in. Hg and with inlet conditions above construct the condi 
curve using the method of Sect. 228. 

(6) The water temperature leaving open heater No. 1 is 196° F and the correspond) 
saturation pressure is 10.6 psi. With 5 per cent loss the pressure at the turbine ou 


5 OLD 3 
flange is 0.95 = 11.16 psi. 


For closed heater No. 2 the steam temperature is 5 deg above the leaving wa! 
temperature: 
302 + 5 = 307° F for which the steam pressure in the heater is 74.35 psi. Wi 


74.35 2 
0.95 = 78.3 psi. 


(c) Using the pressures of part b and the condition curve of part a, the enthalpy 
the steam for heater 1 is read as 1150 and for heater 2 as 1282 Btu per lb. 

(d) Heater 2 is supplied with 196° F water (hy = 164) and delivers 302° F 
(hy = 271.7). The heat balance shows, Mz 1282 + (1 — M2)164 = (1) (271.7) 


per cent loss the pressure at the turbine outlet flange is 





M: = 0.0963 lb per lb of steam supplied turbine. Ans. 


Heater 1 is supplied with 90° F water (hy = 58) and delivers 196° F water. 
heat balance shows 


M, 1150 + (1 — M; — M.)58 = (1 — M.)164 
M1150 + (1 — M; — 0.0963)58 = (1 — 0.0963) (164) 
M, = 0.0877 lb per Ib of steam supplied turbine. Ans. 


(¢) Work in Btu per 1 lb of steam supplied turbine :— 
Work to extraction point 2 


(1 Ib) (1416.4 — 1282) = 134.4 
Work between extraction points 2 and 1 
(1 — 0.0963) (1282 — 1150) = 119.3 
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Work between extraction point 1 and condenser 
(1 — 0.0963 — 0.0877) (1150 — 1000.6) = 121.9 


Total work per lb in Btu = 375.6 
3413 , 
ste = seem = 93 1 kwh at generator terminals. 
Steam rate (875.6) (0.976) 9.3 lb per kwh at g 
Heat rate = (9.3)(1416.4 — 271.7) = 10,640 Btu per kwh. Ans. 


: ore 3413 
‘Thermal efficiency extraction conditions = 10,640 ~ 32.1 per cent. Ans. 


Under non-extraction, work per lb of steam from (a) = 511.4 X 0.793 = 405.6 Btu 


1 
Steam rate = a = 8.42 Ib per kwh. 
; 3413 
‘Thermal efficiency non-extraction = (8.42) (1416.4 — 58) = 29.8 per cent. Ans. 
(f) Steam flow at 25,000 kw delivered. 
Under extraction conditions (25,000) (9.3) = 232,500 lb per hr. Ans. 


Under non-extraction (25,000) (8.42) = 210,500 lb per hr. Ans. 


Flow with extraction is 10.5 per cent greater than under non-extraction conditions, 


273. Regenerative-Cycle, Steam Flow and Heat Reduction.—Ex- 
ample 2 for its set of conditions shows two significant facts: | 

1. For the same output under extraction and non-extraction condi- 
tions more steam must be supplied to the turbine with extraction opera- 
tion. 

2. Under extraction operation, the heat consumption per unit of out- 
put (kwh) is reduced. Fig. 172 has been prepared to show the increase 
in steam flow for differing temperature rises in the feedwater and for 
various numbers of heaters. Fig. 173 shows the corresponding reduction 
in heat consumption. Although these data are prepared for specified 
pressure-temperature conditions similar trends apply for other pressures 
and temperatures. , 

274. Reheating-Regenerative Cycle.—The benefits of reheating and 
regenerative heating can be obtained in the same plant. In this combined 
eycle one bleeding point usually occurs in the high-pressure section before 
or at the time the steam is withdrawn for reheating. : 

275. Binary-Vapor Cycle.—Desirable characteristics of a fluid for use 
as a medium in power generation are: high temperatures at relatively 
low pressures, large values for heat of vaporization ; low specific heat of the 
liquid and specific volumes of the low-pressure vapor which are not exces- 
wively large. 
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No one fluid possesses all of the properties listed above and it has been 
found desirable to use two fluids, a so-called binary-vapor system. Mer- 
cury and water are the only two used today in major commercial enter- 
prises although diphenyl-oxide and water have been advocated. Water- 
steam for moderate temperature ranges is sufficiently satisfactory, but 


cannot furnish high temperatures in the saturation region without ac- 
companying high pressures. 
EXTRACT FROM TABLE OF PROPERTIES OF MERCURY-VAPOR, BY 
L. A. SHELDON 


Extracted from a paper by W. L. R. Emmet and L. A. Sheldon in A.S.M.E. 
Transactions, 1924 


Sympots in Conrormrry wiTH THOSE IN KmEnan’s Steam TABLES 





























Pounds per| Tempera- | hy, Btu 
Square ture, ° above hy, Sf Sfo Ug 
nch Degrees F 32° F 
0.5 415.2 14.29 127.87 0.02149 0.14619 92.85 
0.735 438.4 15.16 127.36 0.02247 0.14182 64.64 
1.0 458.1 15.89 126.92 0.02328 0.13828 48.45 
50.0 812.5 29.11 119.13 0.03546 0.09365 1.284 
70.0 856.6 30.76 118.16 0.03673 0.08977 0.9364. 
85.0 883.7 31.77 117.56 0.03749 0.08751 0.7901 
100.0 906.9 32.63 117.05 0.03813 0.08565 0.6811 
180.0 999.6 36.09 115.01 0.04058 0.07881 0.3990 
Mean specific heat liquid mercury, 0.0373. 
Dr. W. L. Emmet, of the General Electric Company, was the leading 


exponent of the mercury-vapor-steam system throughout its early de 
velopment. Several small plants of this type have been built with the 
larger plants (not counting the associated steam units) consisting of # 
10,000-kw mercury-vapor turbine at the South Meadow Station, Hart+ 
ford, Connecticut, and 20,000-kw units at Schenectady, New York and 
at Kearny, New Jersey, to date. Original difficulties inherent in the 
use of mercury have now been overcome and very satisfactory per 
formances with little outage of these plants apply. Heat transfer to 
mercury can be difficult as pure mercury does not wet steel surfaces but 
the addition of magnesium and titanium to the mercury charge has largely 
eliminated this difficulty. At Kearny, mercury vapor is generated at 
140 psig, 975° F in the mercury boiler and passed through the mercury 
turbine which develops 20,000 kw. The mercury in condensing at about 
1 in. Hg abs pressure produces 300,000 Ib of steam per hour, at 365 psig, 
which after superheating to 750° F produces 30,000 kw in the steam ture 
bine. The net plant heat rate on test ran 9168 Btu per kwh or approxi« 
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mately 0.5 lb of fuel oil perkwh. This corresponds to a thermal efficiency 
in excess of 37 per cent. The Kearny boiler contains 392,000 Ib of mer- 
, or closely 8.0 lb of mercury per net kw. 

» Pigure 174 shows a diagrammatic layout of a binary system. By 
proper arrangement of the mercury condenser above its boiler a mercury 


feed pump is not required although 
it is sometimes used to furnish 
2 ? HOT -WELL 
| suger 


forced circulation for the mercury 


boiler. 
{wercury 
BOILER 


The future of the binary sys- 
Fig. 174. Diagram of a Mercury-Steam 
Plant. 








(em is promising as efficiencies 
approaching 40 per cent are pos- 
sible. Such efficiencies are not 
attained with conventional steam 
systems but have been reached 
by Diesel engines. Mercury is 
expensive and extreme care must 
be taken to see that the vapor 
8 e as itis very toxic. ' ; 
coe nie of the complications of two fluids a higher in- 
vestment involved, more use of binary systems seems proba "7 been 
276. Turbine and Station Heat Rates.—These are always ea er S 
ideal eycle calculations indicate. Internal losses in the as ys baal 
some energy unavailable. Mase igaeo Np Ae asi par bghee 
1S i rom 4 to er cent 0 
ee 5 to 10 dea etna temperature difference leery 
the saturation steam temperature and the water temperature in — 
heaters. Power required to run auxiliaries, 1.¢., boiler feed ‘pecans ° 
oil pumps, circulating water pumps, pulverizers, or sean ed nah a 
from 4 to 8 per cent of the total station output. Steam ae pint 
supplying heat to make-up water. Loss from this source an ages 
tion amounts to from 1 to 3 per cent of the energy supp - i 
furnace losses are also unavoidable and are larger than S iF ees 
amounting to about 15% of the energy in the fuel. Tur ae ane 
involves the heat associated with the steam consumed ee e ee, 
alone, per unit of output, ie., Btu per kwh. Station heat ra e an Ben 
(o the coal (fuel) pile and states the number of heat units ( is : oa 
fuel, required to produce a given unit of output (kwh). aa . : ip 
which is considerably higher than turbine heat rate, must include a 
the station losses. 
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Fia. 175. Anticipated Heat Consumption for Regenerative Cycle. 


Figures 175 and 176, reproduced from the National Electric Light Assn. Proceedings, Vol, 87, 
based on the following assumptions: Thermodynamic eff of turbine is 81 per cent in the % stare 
1.15 per cent deduction per one per cent average moisture per stage. Generator eff including all m 
losses and excitation is 96 per cent. In Fig. 175 extraction occurs at 5, 30, 110 psia for 3 point 
5, 30, 100, and 300 psia for 4 point. Exhaust pressure is 1 in. Hg abs. Combined eff of bole » fy 
combustion equipment, superheater, economizer and air heater is 85 per cent for all conditions, 
Station Heat Consumption includes requirements for auxiliary power and station losses. For We 
supplementing the above, 4-point extraction is assumed at 5, 30, 110, 300 psia or at reheating 
higher. | Reheating pressure is 29.3 per cent of initial pressure at throttle, ure drop throug! 
and piping is 10 per cent of absolute reheating pressure. 
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Fic. 176. Anticipated Heat Consumption for Regenerative Cycle 
with One Stage of Reheat. 


i ic Li . Proceedings, Vol. 87, are 
‘ures 175 and 176, reproduced from the National Electric Light Assn. y A 

Vrvvne d on ee following Cuaaue: Thermodynamic eff of turbine is 81 per cent. x o pad perocist ii 
1.1) per cent deduction per one per ont rie ig wprisasny per stage. ewe ey psig ye = es 
Nirmnere sitation is 96 per cent. In Fig. extraction occurs at 5, 30, 11! 
A 0, 100, pre 300 psia for 4 point. Exhaust pressure is 1 in. Hg abs. Combined - of Ll a | 
sombuation equipment, superheater, economizer and air heater is 85 per cent for ? con ag rie. = 
Miation Heat Consumption includes Bag pho nape for gitar. pow aod agai es te He 
upplementi th bove, 4-point extraction is assumed at 5, 30, F 
i thee ; a Labeaitek pees tS 29.3 per cent of initial pressure at throttle. Pressure drop through reheater 
wid piping is 10 per cent of absolute reheating pressure. 
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Estimates of heat rates of new stations are based on ideal cycle pe 
formance modified by factors determined from data of other statior 
Anticipated heat rates for a number of different operating conditioy 
| | have been calculated and are found in Figs. 175, 176, taken from Vol. 


tion taking place for use at heaters, H3, H2, and H1 as indicated. The 
condensate leaving the condenser C’ passes through the air ejector con- 
densers A, then through heaters, Hi and H2, taking up some heat in 
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of NELLA, Proceedings. These values, where they can be checke gS 
agree with values from stations in operation. TURBINE 38 
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Fie. 177. Performance Diagram of Powerton Station. 
(Courtesy of Power.) 


ee es a3 
fi ia LEGEND 


a de EXTRACTED STEAM 
——s BOILER FEED WATER 

277. Power Plant Diagrams.—Figure 177 shows a diagram of unit 
or 2 of the Powerton Station of the Super-Power Co. of Illinois. Ste 
generated in the boiler B and in the reheat boiler RB passes to the turbh 
T at the conditions indicated. The steam after expanding through 
eral stages to 163 psi is returned to the reheater element in the reheatit 
boiler and comes back to the turbine resuperheated to the initial temper 
ture of 725° F. At the same point that withdrawal occurs for reheatit 
some steam is extracted and passes to the evaporators # and to hew 
four, H4. The reheated steam continues in the turbine, further ex 


RAW WATER 


—-——- WATER VAPOR 
------ ORAINS 


WOTWELL PUMP CONDENSATE PUMPS 


Fra. 178. Simplified Flow Diagram of Oswego Station. 
(Courtesy of Heat Engineering of Foster Wheeler Corp.) 


each. ‘This water then enters an open heater D where the a is 
17.5 psi. De-aerationecan occurat this point. The feed water next * 
the direct contact heater 73 thence goes through heater H 4 to boi ah 

or RB. The make-up water after cold pre-treatment with lime and soda 
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(e) If the extraction valve is closed, find the thermal eff of unit operating on a Rankine 
vycle. Ans. (a) 0.0957, (b) 415.8, (c) 1160.1, (d) 35.8, (e) 34.2. 

7. A 35,000-kw turbine unit has one extraction heater at the 14th stage where steam 
js withdrawn at 6 psi. Steam is supplied to the unit at 415 psi at 720° F and the con- 
‘lenser pressure is 1 in. Hg. From each |b of steam entering the turbine 0.082 lb steam is 
extracted at this heater. Find: (a) work obtained from the (1 — 0.082) lb of steam 
which expands completely to condenser pressure (assuming isentropic expansion), (6) 
3 work obtained from the 0.082 lb isentropically expanding to 6 psi, (c) ideal h of the steam 
typical of that used in large central stati : extracted, (d) the temperature to which the (1 — 0.082) lb of feed water, sup lied to this 

stations. The station heat rate wouter from the condenser, is raised. (e) How much heat must be acaed by the 
jwiler to each Ib of steam used by the turbine? (f) Find total work done (a) + (6) and 


about 12,500 Btu per kwh 
Figure 178 is a flow di \loal cycle eff. (g) Find Rankine cycle eff with no regenerative heating. Ans. (a) 448.8, 
Paella oa, diagram of the Oswego station. This sta (b) 29.1, (c) 1017.8, (d) 158.8° F, (¢) 1246.1, (f) 477.9, and 38.4%, (g) 36.97%. 

0 psig at 900° F with 1 in. Hg exhaust. Six ext 8. If in problem 7, 0.088 lb steam is bled at 32 psi for a heater in series with the first, 
feedwater heating points are used. Th first = xtrac find all the items called for in the preceding problem for this 2-heater installation. Note 
contact and feed f th eee e first three heaters are di ‘ht for this condition only (1 — 0.088 — 0.082) lb of feed water enter the first heater. 

rom the turbine after the 14th, 12th and 9th st Ans. (0 Oe MY 29.1, 21.4; (c) 1017.8, 1129.9; (d) 166.4, 253.4; (e) 1150.9; (f) 456.3, 
W0.6%; (g) 36.9%. 

9. Hew many lb of steam must be extracted per hour from the 18 psi-pressure stage 
of » 20,000-kw turbine in order to heat the feed water from 85° F to within 15 degrees of 
iho temperature of the steam extracted? The steam rate of the turbine is 11.4 lb per 
kwh under these extraction conditions. Steam is supplied at 350 psi at 600° F. Assume 
an internal eff of the turbine of 72 per cent in order to find h of steam extracted, and 
joulect losses in heater. Suggestion: make a heat balance for the heater to find the 
ly of steam extracted per lb of steam supplied to turbine (J), then total weight extracted 
jp 20,000 X 11.4 X M. Ans. M = 0.113; 25,600 Ib per hr. 


i0. In a binary-vapor system, mercury is supplied, dry and saturated to a turbine 


al 100 psi and is exhausted at 1 psi. Find: (a) Work realized per lb of mercury, (b) heat 
supplied by furnace to each Ib of mercury, (c) thermal eff of mercury part of system. 
‘To mercury in condensing generates dry steam at 420 psi from feed water at 380° F. 
Awuming no subcooling of the liquid mercury find: (d) The lb of mercury required to 
yoncrate one lb of steam, (e) the work obtained per Ib of dry steam expanding to a pres- 
sure of Lin. Hg, (f) the heat supplied by the coal to the mercury and for raising the feed 
water to 380° F from steam condenser temperature. Work on the basis of a lb of steam 
enerated. (g) Find total work done and thermal eff of whole cycle. Ans. (a) 41.54, 
)) 133.79, (c) 31.0, (d) 9.23, (e) 409.5, (f) 1541.3, g) 51.4. 
i1. The most efficient heat rate of a 60,000-kw station is 15,000 Btu per kwh. Find 
tho lb of 12,400 Btu coal used per hour when the station is operated at most efficient 
load of 52,000 kw. : 
12, For the turbine of Fig. 178 supplied with steam at 1250 psig at 900° F the ex- 
inmotion pressures are 6.9, 22.6, 103.1, 254.3, 522.5, 645 psi respectively and the corre- 


iy ono veaige the heat exchanger, and enters the evaporators 
por trom the evaporators condenses in th 
e open heater. 

aaah he the heat exchanger to the hotwell W. Make-up oe 
put Into the system at heater 3 or at th 

e condenser hotwell. 

ae heater drips are either pumped to higher pressure federated i 

elivered by float control to lower pressure lines. This arrangemen 


ie ‘a veer pa and Ist stages of the turbine. A 100 000 kw load 
eveloped and a station heat rate of 10,680 B : 
; i tu per kwh h 

reported. The third heater is also a d . a 

- tor and th i 
flashed drains from the hi af Ri The steam 
gh-pressure heat i 
is 915,000 lb per hr to the turbine. oe a eae 


278. Problems. 


Unless otherwise stated pressures are absolute. 


1. For the Rankine cycl i i 
4 yele supplied with dry steam at 4 i i ; 
Hike edewae exhaust pressure is 4 in. Hg (26 in. wasted o hema \ @ “i 
: » ovage! il ‘ pee — Peng ra Ans. (a) 30.8. (b) 35.0. a 
F of a turbine operating under the conditions 
PP ad ca Lippe ¢ g e conditions of Proble 
th o) ior a K oh ‘aimee eff of turbine, (b) steam rate, lb per kwh. Ans. ar 
. 9. For a Rankine cycle supplied with ste i i 
ae G (a) when the exhaust pressure is 4 in, Hy @) oho ayes hey ben 
& (Compare with Problem 1.) Ans. (a) 33.1, (b) 87.300 ese Pressure is I 


4, Find Rankine cycle efficienci . 
sate of 1 in, ) ncies for steam supplied at 800° F with 
engine eff ve ee pressures are: (a) 600 psi; (b) 1200 psi; (c) 1400 na sponding enthalpy values, 1128, 1231, 1305, 1368 and 1384 Btu. The enthalpy of the 
perating under these conditions is 70 per cent find: (d sion entering the condenser at 1 in. Hg is 963.5 Btu. (a) Using these data, plot on an 
A hy plane to scale the condition curve. (6) If 600,000 Ib per hr of condensate enter the 


rates, lb per kwh, and heat rates, B Oa 
, Btu per kwh, f iti 
38.8%, 9.20 Ib/Iwh (b) 41.1%, 8.92, 11,860 (c) 41.6%, 888 ey {sao “ 
then withdrawn end sehen 40 S00" at Satck ine and expands jo 420 pa 
: Land reh¢ it 420 psi. Tt ret ine and en 
io pot Ee Sod for ideal cycle conditions: (a) h a: Pope Med ‘epee 
pret sraits And 420 psi and work available during expansion. (b) Find | cad 7a 
available in prises! omnes Pro Shalbes pete Pe Lin a One Find 
available, (¢) Find all heat added during cycle, trem fosq yee: ind total 
art hex me required for (b).  ( Aviad pee water to sean Se 
wie nd oe with steam at 350 psi at 600° F has one extraction h 
condensate leaving the sarhiee rhs Be es pce b Peas aS meray 
= : nser is hea th ; 
at the turbine operates on an ideal regenerative vale mehr pep setag s ‘ aa 
ent 


fit heater at 90° F and leave at 176° I’, compute the steam extraction lb per hr from 


the turbine for that heater. 


13. The turbine of Example 2 of Chapter XIII has four regenerative heaters in which 


tho feedwater is warmed to 158° F, 237° F, 316° F and 395° F respectively. Heaters 
|, § and 4 numbering from the hotwell are closed type with 2 an open type. The water 
js warmed to within 5 degrees of the condensing steam temperature in the closed heaters. 
Haturated water is assumed to leave the hotwell. Using the appropriate enthalpies of 
1110.1 and 958.5 Btu per lb leaving the last turbine blades, the condition curve can be 
eonstructed on a Mollier diagram by the method of Sect. 228. The drain, (condensate) 
from each closed heater flashes to a lower pressure heater (to the hotwell in the case of 
jwater 1). Disregard pressure loss in the steam supplied each heater. The boiler feed 


pump follows heater 2. 


(w) Make a diagram of each heater relative to the turbine showing path of steam, feed- 
water, drain (condensate), hotwell pump and boiler feed pump. Also indicate the 
tomperature of the steam and water in each line. 
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(6) From a condition curve sketched on a Mollier (hs) diagram, read the pressure 
enthalpy of the steam at each extraction point. 

(c) — the extraction steam for each heater based on 1 Ib of steam supplied 

urbine. 

(d) Find the work realized down to each extraction point on the hs diagram and 
the total work realized per lb of steam supplied the turbine under extraction 
ditions. Enthalpy entering condenser is 976.6 Btu per lb. 

(e) bn thermal efficiency under extraction conditions and the heat rate 
per kwh. 

(f) Find the thermal efficiency and heat rate under non-extraction conditions b 
Example 2 and compare with (e). 

(g) pits 50,000 kw delivered under extraction conditions, find the steam flow to. 

urbine. 


References 


Central Station Plant and Performance. Mech Eng 54:635-40 

Deepwater Plant Operating Experiences. Trans ASME 53:FSP 285-95 

Diversification in Heat Balance Practice. Power P1 Eng 37 :28-29 

Economic Factors in Station Design. Trans ASME 50:FSP 159-81 

Gaffert, G. A., Steam Power Stations, 1940, McGraw-Hill 

Gebhardt, G. F., Steam Power-Plant Engineering, 1925, Wiley 

Gilbert (Holland) Station Operation. Trans ASME 53:FSP 275-84 

binges arena for the Generation of Light, Heat and Power. Trans ASME 64 

’ 

High Pressures and Temperatures at Crawford Ave. Trans ASME 50:FSP 41-6 

Higher Steam Pressures and Temperatures. NELA Proceedings 86:1193- 
_ _ 87:1023-30 including Bibliography, 88:835-40 

Initial Costs of Power Plants on Pressure Basis. Power Pl Eng 33 :1158-62 

Kiefer and Stuart, Principles of Engineering Thermodynamics, 1930, Wiley 

Morse, F. T., Power Plant Engineering and Design, 1942, D. Van Nostrand 

Powerton Station. Power 71:896-901 

Salisbury, The Steam Turbine Regenerative Cycle. Trans ASME 64:231-45, 1949 

State Line Plant. Power P1 Eng 33:1171-78 

Smith and Thompson, The Mercury-Vapor Process. Trans ASME 64 :625—46, 1 


CHAPTER XVII 


GAS PROPERTIES 


279. The P, V, T Relation.—(a) Its Relative Importance with Gas 
and Vapor.— Vapors under pressures usually encountered in power plant 
work are so near boiling temperature that they do not follow simple laws 
relating P, Vand 7. These properties, as well as h, s and u, so important 
in computing heat and work quantities, are recorded in steam or vapor 
tables. With any two properties as arguments, the other properties 
tnay be found from the tables and the necessary calculations to determine 
power and efficiency may be made. 

Compressors and internal combustion engines have a working medium 
consisting of air or a gaseous mixture. In either case the medium, within 
, moderate range of temperature and a considerable range of pressure, 
follows laws so simple that computations may be made without the use 
of tables or charts. a 

(b) The General Gas Law, or the Equation of a Gas.—As already 
stated, without proof, in Chap. II, this is: 


Pv = BT, for one lb, or PV = MBT, 








for Mlb. (1) 


‘This may be derived from Charles’ Law at constant pressure and Charles’ 


Law at constant volume. The first states that, with the pressure con- 
jlant, volume change is proportional to the temperature change. The 


second states that with the volume constant, the change in the pressure of 
i gas is proportional to the temperature change. Experiments on gases, 
wuch as air, oxygen and hydrogen, show that these laws hold to low tem- 
peratures and that the temperature zero is located at _491.6° F below the 
freezing point of water. This temperature is called absolute zero. Tem- 
peratures measured above absolute zero are called absolute temperatures. 
lor most calculations, absolute zero is taken as 492° below freezing or 
40° below zero F. oO” 

It follows that if the pressure remain constant, the volume of a gas 
varies directly as the absolute temperature, and with the volume constant 
(he pressure is directly proportional to the absolute temperature. 

lor any state of a gas, let pressure, specific volume and absolute tem- 
perature be indicated by Pi, v: and 7;. For any other state of the gas, 
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let pressure, specific volume and absolute temperature be indicated 
spectively by Po, v2 and 7s. Referring to Fig. 179, consider also a thi 
state, indicated by the subscript 
having the same pressure as that of 
first state and the same specific vol 
as that of the second state, or: 


Pi, =P, 






if 
I 
| 
I 
| 
| 
| 
| 
I 
| 
I 
i 
! 
> 





and Ve = V4. 


During a constant pressure change fri 
state 1 to state A, by Charles’ law 
constant pressure, the absolute t 
perature varies as the volume, or: 


No-——~------_ 4 





V T, 
A v v 
Fie. 179. General Gas Law. Fi, At = ~ ra 


During a constant volume change from state 2 to state A, the absol 
temperature varies as the pressure, or: 


Te ~ Pa Py 

Te, Sees wePs 
Dividing through the equations just given, term by term, the relati 
established : 


Pat. bia. Ee: 


T; RE 


This constant quotient is generally called B. For M pounds of gas 
volume V = Mv. Eliminating the s 4 


pecific volume » from eq 4, 
equation of a gas may be written: 








Te MBT, as given in eq 1. 


x 280. The Internal Energy of a True Gas Depends only on its T; 
perature.—Joule’s experiment proves this. Two receivers, prefera 
duplicates in size and other features, are connected by a tube provi 
with a valve. One receiver contains a gas under pressure. The o' 
receiver is empty. The receivers are immersed in water contained 
an insulated tank large enough to contain the two receivers. Sensi 
thermometers accurately measure the temperature at various points 
the water and in the two receivers. The temperature is made unif 
throughout at the beginning of the experiment. 
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The valve is opened, permitting the gas to flow from one receiver to 
the other. After a brief interval the temperatures are again measured 
(hroughout and found the same as at the beginning. The pressures in 
the receivers are each half that of the initial pressure in the first receiver. 
The original volume of the gas has been doubled. 

The constancy of temperature throughout proves that no heat flow 
could have occurred. The pressure was unbalanced during the process, 
hut no work could have been done on the rigid walls of the vessels. 


Therefore the process was a free adiabatic expansion. Applying the 
non-flow energy eq 15 of Chap IT: 


Q. = U: — U1+ Wo. (15-2) 


We have just seen that Qi: = 0 and that Wy = 0, therefore: U; = U1. 
Now the pressure was less and the volume greater than before, with the 
lomperature exactly the same. Therefore, the irreversible process ex- 
wmined in this experiment demonstrates that, for a perfect gas following 
(he general gas law, Pv = BT, 


the internal energy of a gas is related to 
only one other property, its temperature. 


Actual gases are vapors. They do not follow the general gas law PV = MBT ex- 
welly, and they do change slightly in temperature on free expansion. 


Now, by definition of C, and by experiment, for a gas (following the 
general gas law) the heat absorbed at constant volume is: 


ua = fh cdT (5a) 
and for a moderate range of temperature, at constant volume, 
gi = o(T2 — T). (5b) 
And the non-flow energy eq 15-2, applied to the constant volume process 
hecomes: 
Qi = Uz — Ur + Wo = Ue — U1 + 0 (6a) 
or, forv = ce 
Qi = U2 — UN. (6b) 
I\qual to the same thing, the two expressions must be the same or: 
T2 
U2 — Ww = f CodT (7) 
7 
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or over a moderate range of temperature, 





















Uz — 1 = &(T2 — T,). ( 


Though eq 5 and 6 were applied to a constant volume process, eq 
is perfectly general provided the gas follows the law Pv = BT, that 
if it 7s a true gas. We now know that what are termed fixed gases 
really rather highly superheated vapors, and do not exactly follow 
gas law, and their internal energy is slightly influenced by press 
changes, especially at low temperatures, nearer the critical temperatur 

281. Reasons for Stressing Non-Flow Processes in this Chapter.— 
the steam power plant study, enthalpy and the steady-flow energy eq 
tion are of first importance. One reason for this is that in the ste 
turbine, little is gained by separate consideration of the three proce, 
of admission, expansion and exhaust. The complexity of the laws gov 
ing the behavior of the mixture of steam and water which forms the wor 
ing medium also has an influence,—perhaps greater in the reciproca 
steam engine. 

In the reciprocating gas or oil engine and compressor, it is instructi 
to study several kinds of expansion or compression : isothermal, adiaba 
polytropic. In reciprocating apparatus, these processes are all non-fl ) 
The laws followed by air and other gases approximate quite closely 
those of true gases. Computations using these simple laws approxim 
accuracy closely enough to be of much value in studying conditions f 
high efficiency. 


Except exhaust, all processes are approximated by reversible proe 
The device of replacing the actual exhaust by an imaginary cons 
volume process, reduces all ideal processes to reversible non-flow proc 

In more precise study, the steady-flow equation is of great h 
This is especially true in considering the cycle as a whole. 


Important non-flow energy equations are given below for easy ref 
ence. Only reversible processes are considered in this list. 





Number of 
Equation Eq. Chap. Name or Description 
dw = Pdv 21-2 External work. 
a= a 44-2 Entropy definition. 
J ati ae 
h =ut+ 778 26-2 Enthalpy definition. 
M1 = U2 — Ui + wo 15-2 Non-flow energy equation. 
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Number of ne 
Equation Eq. Chap. Name or Description 
qi = Use — Wy 17-2 Heat received at constant volume, 
Wo = 0. 
Wo = U1 — Us 19-2 Work done during adiabatic expansion, 
q=0. 
i = Wo 15-2 Work done with u constant. 
ds =0 44-2 Entropy change during adiabatic proc- 


ess. 


The above equations apply to any medium under the conditions stated. 
Knowledge of the properties of a perfect gas will permit us to get addi- 
(ional information from some of them. ries 

Three equations may already be added to this list, applying to gases. 


Py = Br 1-17 General gas law or equation of a gas. 
dq = cdT 5a-17 Heat added at constant volume. 
, = fay 7-17 Internal energy of gas depends only 


on T. 


282. Enthalpy and Specific Heats.—Substitute in the equation for h, 
(he first form of eq 26-2 at the end of Sect. 281, the value of BT for Po, 
from eq 1, and differentiate, getting: 


iz) aT 


778 (9) 


B 
dh = odT + Sat = (a+ 
was eliminated by eq 7. Next apply eq 15-2 to a constant pressure 
process. Here dwo = Pdv = BdT in ft lb per lb. Then: 
ae 


oT = dq = dut+ dare 


B 
= dT + reg aT 


B 
= = LO 
(« + a) dT Btu/lb. (10) 
I'vom eq 9 and 10, it follows that 


dh = c,dT (10a) 
and: 
B 
Cp = Cy + 778° (11) 
Call the ratio of c, to c¢ equal k. (12) 
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Eliminate cy from eq 11 and 12, getting: 


B 
= &— 178 (l 
Then 
kB 
o- GT a 


Examp.e 1.—Five pounds of air is heated from 100° F to 600° F, at constant 
ume. Using data from Table 1, Chap. II, find the heat absorbed. 

Solution.—Using eq 5 or 8, modified for 5 Ib, and assuming that the specific heat 
air remains the same as at 32°F 

i= CyLe — £1) = Colts — ti) =5X 0.172(600 = 100) = 430 Btu. Ans. 

-ExamptE 2.—Five pounds of air is heated, at a constant pressure of 20 psi 
100° F to 600° F. Find: (a) the heat absorbed, (b) the gain in enthalpy, (c) the ini 
and final volumes of the air. 

Solution.—In this solution, Jb is pounds mass and Ib is ,ounds force. For the 
pose of stressing the significance of ie units, the homogeneity of dimensions in the te 
of the equations will be shown. 

(a) From eq 10, 
Btu 


Btu = Q1 = Mep(te ons ty) = lb x 1b deg <0 


= 5 X 0.240 X (600 — 100) = 600 Btu. Ans. 
The figure 0.240 is cy for air, from Table 1, Chap 2. 
(6) From eq 10, the gain in enthalpy equals heat received, 600 Btu. Ans. 
(c) From eq 1, 


MBT, _ 5 X 53.33 x (100 + 460) 
Vi: = Pie i a Fr er a pm mee al 


144 x 20 
lb X i x deg 
ft? = Sj = 51.85 cu ft. Ans, 
fe 


(600 + 460) 


(100 + 460) = 98.14 cu ft. Ans. 


Va = Vi X FP = 51.85 x 
1 


For a perfect gas, with constant specific heat, the heat required, 
constant volume to raise the pressure of a given volume of gas from 
given initial pressure to a given final pressure may be computed with 
knowing the temperature. Take value of c, from eq 13, then: 


O.= U2 -— Ui = Mo,(T2 — T:) = M gaya (Ts - TN 


By eq 1, the equation of a gas; for » = const. 
MB(T, = T1) = (Po = P))V. 
SI ae 
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ee 


Dmg on eae ST 
= a) Se: = 15 
Q => (k — D778 a 2 U2 Be ( ) 


In a similar manner, for constant pressure heating, 


kB(T2 — Ts). 
Q, = Hz. — Hi = Me,(T2 a T1) maa yes LE 


Again substituting PV for MB T, as before; _. 
ee = 


> = Ts 
ory i is raised in pressure from 
E pie 3.—Ten cu ft of air in a cylinder of fixed volume is raise 
10 psi to 40 psi. Find heat absorbed by the air in Btu. 
Solution.—By eq 15, 
(P2 — Pi)V _ 144(40 — 10)10 
Q = G17 ~ G4—1778 
ir i i i lume 
— f air is heated at a constant pressure of 30 psi until the vo 
nor ae Pe initially to a final volume of 50 cu ft. Find the amount of heat 
absorbed. 
Solution.—By eq 16, 
kP(V2 — Vi) _ 1.4 X 144 X 30 X (50 — 30) _ 389 Btu. Ane. 
Q = “GTB a4 — 1778 


= 138.8 Btu. Ans. 


283. Entropy and the Isentropic.—Differentiated, the Pv = BT equa- 
tion becomes: 


Pdv + vdP = BaT. (17) 


Dividing through by Pv on the left side and by its equal BT on the right, 


this becomes: 
7 dP dv _ dT (18) 


The differential form of the non-flow energy equation, 15-2, used for 


i. gas is, 


Pdv 
dq = du + dwo = dT + 779? Btu/lb, (19) 
‘Then 

aq oF , Pde 20 
=p ot ret (20) 

iy the equation of a gas P/T = B/v, and eq 20 becomes: 
dT , Bao a} 

dm hy a + 778v ( 
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By using eq 18 to eliminate first d7'/T and then dv/v the two eq 22 resul 


ee dP 
ee Sl (2 
dT  BdP 
SS = ee 
“oT — T78p (2 


The definite integrals of equations 21 and 22b are: 
ll se vee ale B Vo 
Ss — 8 = t Oo ar + 778 log. “ih [ede + Lee J,;* (2 


72 
Pa nes dT B P 

= [ooo — Blog. Bt = [rT Corl ( 
Having first specified methods of computing entropy change for 
gas, it will be useful to examine the very important ideal constallal 
tropy or isentropic process. From the definition of entropy, eq 44-2, 
reversible isentropic process is without flow of heat, or is adinbatie 

A consideration of eq 21 and 22, shows that for oh isentropic fi 
the relation between each pair of the three properties, P, v ad a i nal 
expressed as a simple exponential equation. ‘ “| 


In eq 22a, place ds equal zero and b ituti 
Ri ane hve y substituting cp = ke,, from eq | 


_,@ , aP 
Pe ies eee ( 


Then, log C = klog.v + loge P. T 
ina eas 2. he k becomes the exponent of v and 


Pork = C, or (2) =F 
V1 Ps ( 





Pet ='C; or (2)" ae 
é V1 T. ( 
Eq 226 will yield, on similar treatment: 
—k+1 at 
f[P'® =C, and (3) ois a 
P, Ag, 


Eq 26 and 27 may also be readil i | 
_ Eq 2 y derived from eq 25 by su 
eliminating P and v by use of eq 1, the equation of a nh oe 


* See eq 32. 
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Eq 25, when plotted on a Pv diagram, yields a curve somewhat similar 
to a hyperbola. ‘The slope is found conveniently by equating eq 22a 
to zero. This gives for the slope: 


dP P. 
a k ave (28) 

284. Isothermal Expansion of Gases.— 
Coordinates of points on the curve in Fig. 
i80a show the pressure and volume during 
isothermal, or constant temperature, reversible 
expansion of a gas. 

At constant temperature, by Boyle’s law, 
the product of pressure times volume, or 
PV, is constant. Therefore the curve is an 
hyperbola. 

The cross-hatched area shows the work 
done during a differential increase in volume, yg, 180a. PV Diagram of 
because work = dW = PdV, as already proven, Gas Isothermal. 
and the cross-hatched area also equals PdV. 

The area under the curve, 1-2, also represents the work done in ex- 
panding from V; to V2, This work 


W = ff Pav. 
2 





‘lo integrate, or sum up this expression, P must be expressed in terms of V. 


By Boyle’s law PV = PV; and: 





A oer Vo, 
Wye i PAW: 5, = PV log. +7 (29) 


1 
' 
\ 
' 
' 
\ 
\ 
{ 
{ 





As the temperature is constant, Us = U1, and, 
s applying eq 15-2, 
Mra. niger Ps Ve 
Di s = = = = 71 —s 
Sotherdn (ie Q: Us U1 + Wo = Wo= rhe PiVi log. Vi (30) 


hatched area shows 
heat received dur- Therefore, during isothermal expansion of a gas, 


Oe ee heat received equals external work done by the gas. 
Applying eq 1 other forms of eq 29 are: 


778Q: = Wo = MBT log. - = MBT loge‘ (31) 
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The change in entropy is, by definition, 


(S: - 8.) = &, 
= MB V2 MB 
778 log, na or 78 log. ie 


From eq 7, 9, it is evident that during an isothermal process 
? 


both internal energy u and enthalpy h remain constant a 


285. i 
Polytropic Processes.—The equation of the constant pressu 


process may be written: 
PES", or as Yl GaN 0 fe (3 
The equation of th : 
e constant volume process may be written: 
V=C, or as eae res (4 


The isothermal may be written: 


Hac ahem OF or as PVESiC., ( 


Es a for air has the exponent k for v. 
as Me is & series of equations, with the values of the » expon 
; = g from zero to infinity, correspond to ideal or actual “i ti 

etween these properties. PV" =( is called th i rp 
eben e equation of 

As indicated in eq 28, th 

8 in , the slope of the path, or cur i 
relation is the exponent n times the BV; ratio ab a ae, — 





Fig. 181. PV" Curve on 


PV Diagram. Fie. 182. PV" Curve on 


Ts Diagram. 


Figures 181 and 182 show i 
81 these curves on PV i 
Differentiating the PV™ = C, equation gives: i e 


nPdv + vdP = 0 ( 
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The differential equation for work is: 
dw = Pdv = BdT — vdP = BdT + nPdv. (37) 
Therefore 
BdT 


= Pdy = — BIT: — 1) 
dy = Pio = ap and w= =e: ty ML (38) 
Gain in internal energy is 

eS Uy o,(T2 — T) Btu. (39) 


Heat received is the sum of changes in u and w 


B 

Gi = | « = mea} (T2 = T) Btu. (40) 
lividently the specific heat is constant, if ¢, isconstant. Replacing B/778 
by (k — 1)e,, we may write: 


_ (k=-n)_, m—® 
ints | Oe ated C Yeo | a 








286. Examples—Isothermal, Adiabatic and Polytropic——For con- 
venience air will be taken as the medium with constant specific heat 
assumed. Unless otherwise specified, the datum for h and s will be taken 
at zero F, or 460° R. All processes will be assumed to be reversible 


unless otherwise stated 





Fic, 188a. PV Diagram for Fig. 1838b. 7S Diagram for 
Example 5. Example 5. 
The gas state A is shown on PV and TS diagrams. On both diagrams also, the relation of this state 
to datum conditions 0, at 460R and 60 psi, is shown by the two isothermals, 660R, 460R, and by a single 
\nobar at 60 psi. 


Exampue 5.—For air, given B = 53.33, cp = 0.240, c, = 0.1714, pressure 60 psi, 
volume 80 cu ft, temperature 200° F, find : absolute temperature ; pressure in psf; mass 
of air in Ib; specific volume in cu ft/lb; enthalpy per Ib and total enthalpy ; internal 
energy /lb and total internal energy ; entropy per lb and total, above 60 psi and 0° F. 














thermally compressed to 25 psi. 
Btu, (b) entropy increase or decrease. 


(a2) QQ =Wo= 
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Solution.— 
LT = 460 + ¢ = 460 + 200 = 660R. Ans. 
P = 144 X p = 144 X 60 = 8640 psf. Ans. 


_ PV _ 8640 x 80 _ 
M = Br = 53.33 3 660 — 19.65 b. Ans. 


_ BT _ 53.33 x 660 


v Pea = 4.07 cu ft/lb. Ans. 


h = ep(t — to) = 0.240(200 — 0) = 48.0 Btu/Ib. Ans. 
H = Mh = 19.65 X 48.0 = 943 Btu. Ans. 


u=h— po mas = 48.0 — suo x 407 = 2.8 Btu/lb. Ans. 


U = Mu = 19.65 X 2.8 = 55.0 Btu. Ans. 


2 


8p = Cp loge 7 = 0.240 log. ps = 0.08664 Btu/deg Ib. Ans. 





Sp = Msy = 19.65 X 0.08664 = 1.702 Btu/deg. Ans. 


Exampie 6.—REVERSIBLE ApraBatic. One pound of air, initially at 30 psi 
40° F is adiabatically compressed to 120 psi. 


and enthalpy, aC final volume and temperatu 


h datum—0° F. 
Solution.— 
_ BT; _ 53.33(40 + 460) = 
ys Seti 744 <x 30 = 8-18 cu ft/lb. Ans. 


hi = cpt = 0.24 X 40 = 9.6 Btu/Ib. Ans. 


- Po_ 30 x 144 x 6.18 
Y= h = 773 — 9.6 — = Suess = 24.7 Btu/lb. Ans. 


1 
% _ (Pe E =) im _ 618 ns 
@) 2 ( rs) eh ( ay) = 2:60. m= S78 2.29 cu tt/b. Ans, 


k-1 


7 * ( Bye = 40.286 — 1.485, Ts = 500 X 1.485 = 743° R (283° F) 


= 32,400 ft lb. A 
(c) wi = U2 — U1 = E(ty — 4) = 0.1714(283 — 40) = 41.7 Btu/lb. Ans. 


Examp.e 7.—Isoramrman. Ten pounds of air, initially at 5 psi and 140° F, ia 
Find: (a) heat received and work done on the air 


Solution.— 


MBI, py _ 53.33 5 
778 ee =10xX W785 x (460 —- 140) log. 55 





= — 10 X 0.0685 X 600 log. 5 = — 662 Btu. A 
The minus sign indicates that heat is rejected and that work is done on the air, 


(6) Entropy decrease, S, — S. = Q san OS 


Tr 600 = 1.104 Btu/deg. Ans. 





Find: (@) initial volume, internal e 
re (c) work done on air in Btu and in ft 
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EEXAMP YTRO! ir i i lytropically ex- 
— c. One pound of air is reversibly and po : 
yvanded fan 80° peri 200 psi to 100 psi, sys n re aii Poken we rage seinen! pote 
final ture, deg R, (c) the ' 
lr the process, cw) the, or or the medium, Btu/Ib; (e) entropy change, 
Btu/deg/Ib. 





Solution.— ! 
ie 
(a) on = @2—* = 0.1714 ee = 0.0343 Btu/deg/Ib. Ans. 
(Amd ° ‘ 
n—1 1.5-1 460 440) ; 
Tra (B)* = (7p) - Bei. T= (6690 +) = 714° RR. Ans. 
) 7A 100 
_ B i= Ty) _ 58.3800 — 714) _ 95 46 Biu/lb. Ane. 
fe) wore eee 7 ed 778(1.5 — 1) 


(1) heat rejected = cn(T': — T's) = 0.0343(900 — 714) = 6.38 Btu/Ib. Ans. 


ie 714 pes 9 Btu/deg lb. ‘Ans. 
(e) (82 — 81) = en log. 7 = 0.0343 loge 565 0.0080 /deg 











TABLE 24 
Non-Fiow, Reverstsie, Potyrroric Processes 
Specific 

: of Equation Work Heat Tian 
Process 
: U2 — Ui, 

or . 2 
Ve T2/T, = P2/P, 0 od Mc.(T2 = v), y 





1 
ahsV (P2 — P1) TREE 
H. — Wi, 
or 
P(V: — Vi), Mce,(T2 — 71), 


Cp 
on or k 
MB(T2 — T1) whsP (Vs — Vi) 5 








[rhe PV log. V2/Vs, Infinite 
Dm OSM ts Pallas) EP Tae VTA 0 ies jeu ania 




















Adiabatit PY* =C, se U,— Uz, 0 0 
S=C |or : PV, —P.Vs 
Eh gE Eee me: ras 
, Mc. (T2 = Ds), aes 
Polytwopig| Pye ac | See rel, — 1) + W/78| n= 


| 
: 
* nm may have any value, but is constant during the process. 
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cane Vine srs Atte table gives, for each of the five processes ju 
ined ; (1) the name of the process, (2) the form of the polytrop 
equation for the process, (3) expressions for the work done by the medi 
in ft lb, (4) expressions for the heat received by the medium in B 
the specific heat of the gas for the process i 

In solving problems, it is w : 

; ell to remember that PV = MB 
= T alwa 

mae to any at a gas. Also, if the specific heat is constant 

ssions are available for computing heat i i vil 
be ie ce Bb p g heat received without knowir 
o bi ete of Specific Heat with Temperature and Pressure 

r five gases, the variati i i i 
Heskid : ariation of specific heat with temperature is compare 


TABLE 25 


Specific Heat at Low Pressure, Btu/Ib deg F 





Name of Gas 





460° R, 5400° R Per Cent 
7 Increase 
N Peegas 028 oa a 
Oxygen Re 0.21 O31 ral 
Carbon dioxide 0.19 0. P| 
Water vapor 0.46 0:73 0 





7 : 

a bee Bgured are approximate, Messrs. Gerhart, Brunner, Mickley, Sage and 

the range fom 33 Fy Boe Bik Aot2, Pb 270272, give values of cy’ and h for ai 
r 

computed from data of recent pti ‘A brief abranat ie: Aton bel ~—_ 





TABLE 26 
Speciric Heat anp ENTHALPY ror AIR 
Sp ht at Const Pressure Enthalpy 
Pressure, psi 25 | 500 | 2000 | 3500 | 25 500 | 2000 | 3500 








Temp, deg R 492 | 0.24 | 0 
7 ¢ i .29 | 0.29 | 0.81 | —0.2} —3.9 | — —-104 
‘emp, deg R 1010 | 0.25 | 0.25 | 0.26 | 0.27 | 126.1 25:7 Bs 128 f 





The values given for Internal Energy, u, and Gas Constant, B, were 


computed for Table 27 from data on P, v and T given in the article j 
pac The infiuence of temperature on specific heat is large, even 
Pe preones At 32°F, the influence of pressure on specific heat 

alpy and internal energy is important at 3500 psi, but at evel 





















GAS PROPERTIES 375 


moderate temperature of 550° F the influence of high pressure on specific 
heat and enthalpy is quite small. As high pressures in power plants are 
seldom encountered except at high temperature, the influence of pressure 
on specific heat and enthalpy may be safely disregarded. It will be 











TABLE 27 
InrernaL ENERGY AND Gas Constant For AIR 
Internal energy, u Gas Constant, B 
Pressure, psi 25 500 | 2000 | 3500 25 500 | 2000 | 3500 





‘Temp, deg R 492 |—33.9 |—37.1 |—46.7 |—54.7| 53.4 | 52.4 | 51.9 | 55.8 
Temp, deg R | 1010 | 57.7| 55.5] 52.2| 48.9) 53.3 | 54.0 | 56.3 | 59.1 





noted in Table 25 that the specific heat of triatomic gases shows a large 
increase with temperature 

289. Use of Table on Properties of Air at Low Pressures.—For each 
temperature from 460° R to 7200° R, the values of the properties cp, h, 
u, sp and s, are given. During 1933, 1934 and 1935, Johnston, Davis 
and Walker published several papers in the Journal of the American 
Chemical Society on the specific heats of oxygen and nitrogen as determined 
hy spectroscopic measurements. These figures were reported for every 
one hundred degrees Centigrade absolute from 200° K to 1000° K and 
then at wider spaced intervals up to 5000° K. The table given in this 
hook was computed from these data combined with available information 
on the specific heats of argon and carbon dioxide and interpolating for 
intervals of 20°F. Above 5700° R the interval is 100° F. The datum 
for h, s, and s, was taken at 460° R. 

At temperatures below 100° F, Bulletin 30 Cornell Engineering Ex- 
periment Station, October, 1942, by Ellenwood, Kulik and Gay, was 
consulted. 

From the data on the specific heats at constant pressure of the two 
yuses, oxygen and nitrogen, a smooth series of values of c, of air was first 
computed. The four principal properties of air given in the table are: 
h, uv, spands,. The equations already developed for these properties are : 


T sf 
fie f c,dT,  (10a-17) reo de et | from (52-2) 
4 4 


60 60 








bf o 
Peo tye | (7-17) = f oe, from (52-2) 
4 


643.0 wa 





— 
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However, it was more convenient to find u from h by eq 26-2. 
because c, — ¢, is constant for a gas, 


Le 

& = 8» — 0.068526 log, ( 165) = 8» — 0.15784 logis ( i)" ( 
, Methods of Problem Solution.—For a single process, the initial sta’ 
is fixed by the values of two properties. The type process is defined 
the statement, express or implied, that a particular property remai 
constant. This gives one property in the final state. Another prope 
of the final state is fixed by the statement of the problem. With th 
two, the remainder of the properties may be determined. 


Calculation of Entropy Change by Two Paths from State 1 to State 2. 





Fic. 184. PV Diagram of Processes. Fic. 185. 7s Diagram of Proce: 


First Path. Isometric Process followed by Isothermal Process. 

8 — 8 = As, + Asp = S82 — 84 + Blog.” 
Second Path. Isobaric Process followed by Tectteaead Process. 
82 — 81 = A&» + Asp = Spe — Spr 778 log. ( 
For the case in which P, v and T are known, in states 1 and 2, Fig. 1 
and 185, Pv and Ts diagrams, illustrate the use of the table for fin 
the entropy difference between states 1 and 2. An intermediate state 
is shown having the volume of state 1 and the temperature of state 
The entropy change from state 1 to state A is the difference in the 
values for J, and T;. The difference of entropy for the isothe 
change from state A to state 2 may be computed from equation: 
Aahomeay~ dee ee 


== 3 Ve 
T 778 log. v = 0.15784 logio a 


1 
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‘This may be referred to as Asr. The total entropy change from 1 to 2, 
is $4 — Si + S2 — Sa, or As, + Asr. 
In the same way, the total entropy difference is As, + Asr. In this 
case, however 
Asr = 0.15784 Logie 5. (44) 
2 


Isentropic Process.—This is encountered in nearly all cycles of opera- 
tion. With the initial state known, the final state may be determined by 


yiving the volume ratio or by giving the pressure ratio. 
Applying eq 23a to the isentropic (reversible aidabatic) process: 


,  23026B, um _ (@ aT : 
[sr] a 778 logio 7. = i Cy T = [so Jr (44a) 
1 


With the value of B for air, 


T: 
Asp = 0.15784 logio = uA ae = Asy. (44b) 
V2 TY Ye 
Applying eq 23b to the isentropic with value of B for air: 
T: 
Asp = 0.15784 logis 22 = a —_ (44c) 
Pi Ty 


With the volume ratio or the pressure ratio known, as the case may be, 
the numerical value of the s, function or the s, function is known, and with 
the table, the temperature at the end of compression (or expansion) is 
found. 

289a. Examples in Use of Table of Air Properties.—The examples 
that are worked out below show that, with the aid of Table 34, the solu- 
tions of a variety of problems are as simple and direct with variable spe- 
cific heat as are the problems involving constant specific heat with the aid 
of equations given in Table 24. 


Exampie 9.—Constant Volume Process.—A mass of air having in the initial state a 
volume of 5 cu ft, pressure 20 psi and temperature 200° F, is heated at constant volume 
\ntil the pressure rises to 140 psi. Find: (a) mass of air in lb, (6) final temperature, 
dog R, (c) heat received, Btu, (d) increase in entropy. 


Solution.— 


_ BT _ 53.3 X (200 + 460) _ 0.37 X 660 _ 
(a) 1 = : ee 144 X20 = 50 = 12.21 cu ft/lb 


M =V, +11 = 5 + 12.21 = 0.410 lb. Ans. 





T; 2 1M ES = 4620° 
(b) 7, ° 3 20 = tf Ts = 660 X 7 = 4620°R. Ans. 


(c) Qi = M(u, — ux) = 0.410 X (851.49 —. 2.83) = 347.95 Btu. Ans. (Column u) 
(d) Sy — S\) = M(6,2 — 841) = 0.41(0.45734 — 0.06198) = 0.16210 Btu/deg R. Ans. 
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Exampte 10.—Constant Pressure Process.—Five pounds of air is heated at 
stant pressure of 30 psi from 800° R to 4000° R. Find: (a) amount of heat added 
Btu, (6) work done by the air in expanding, in ft lb, (c) the increase of entropy of the 


Solution.— 
(a) Qi: = M(h2 — hi) = 5(979.55 — 81.98) = 4488 Btu. Ans. 
(b) Wo = MB(T2 — T1) = 5 X 53.33(4000 — 800) = 853,280 ft Ib. Ans. 
(ec) S2— 8: = M(8p,2 — 8p1) = 5(0.57161 — 0.13336) = 2.19125 Btu/deg. Ans. 


_ _ Exampte 11.—Isentropic Compression (reversible adiabatic).—One pound of 
initially at 600° R and 14 psi, is adiabatically compressed in a cylinder by a piston to 
fifth of its initial volume. | Find: (a) initial and final volumes, (6) final tempera’ 
deg R, (c) final pressure, psi, (d) work done on air, ft lb, (e) increase of enthalpy of the 


Solution.— 
(a) 11 = BYy/P; = O87 x 600 i 18S ow the Ae. 


ve = 15.85/5 = 3.17 cu ft. Ans. 
(b) Using eq 44b, with v1 = 5v,, 


T 
0.15784 logue = a = As, = + 0.11025 Btu/deg R/Ib. 


$2 = 8,1 + [As. J; = 0.04558 + 0.11025 = 0.15583 


This value of s,, corresponds to a temperature of 1121°R. Ans. 
_ 53.83 X 1121 


(c) 14492 = P, = BT2/v. = one st ae and p2 = 131 psi. Ans. 
(d) By eq 19-2, for an adiabatic process, 
Wo = UW — U2 = — 7.50 — 84.71 = — 92.21 Btu/Ib 


wi = 71,600 ft lb/Ib. Ans. 
(e) From the enthalpy column in Table 34, 
h; — h; = 161.52 — 33.62 = 127.90 Btu/Ib. Ans. 
Examp.e 12.—Isentropic Compression.—One pound of air, initially at 800° R 


14 psi, is adiabatically compressed by a piston in a cylinder to 42 psi. Find: (a) 
volume, (b) final temperature, deg R, (c) final volume, (d) work done on air. 


Solution.—This is similar to the preceding, but the final pressure is given instead 
the volume ratio. It will be convenient to use eq 23b, inate of eq 23a, 


_ 0.3877, _ 0.37 < 800 


(a) % ee 21.15 cu ft. Ans. 
(6) From eq 44c, 
SS p T2 CpdT 
Ase = 0.15784 logis 2? = th ood? = 0.15784 X logie 3 = 0.07525, 


Sn,2 = 81 + [sr]? = 0.13336 + 0.07525 = 0.20861. 
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Table 34 gives the corresponding temperature as 1082.6°R. Ans. 


‘ _ BT, _ 53.383 X 1083 _ 
(c) v2 = S. * aaa 9.5 cu ft/lb. Ans. 


(d) By eq 19-2, Sec 3, the work done by the air is: 
W = U1 — U2 = Usg00 — U1082.6 = 27.16 — 78.10 = — 50.94 Btu/lb, 
w = 50.94 X 778 = 39,630 ft Ib/Ib. Ans. 


ExaMPLeE 13.—Non-Flow, Reversible Polytropic Expansion.—One pound of air 
expands in a cylinder, pushing out a piston. The air is initially at 148 psi and 2000° R. 
‘The final pressure is 37 psi. The process is not adiabatic, but follows the law Pv!* = Con- 
stant. Find: (a) initial volume, cu ft, (6) the final volume, cu ft, (c) the final tempera- 
ture, deg R, (d) the work done, ft lb, (¢) the heat received, in Btu. 


Solution.— 
_ 0.3877; _ 0.387 X 2000 _ 
(a) 1 = ee Teggee 5 cu ft. Ans. 


1 1 
13 1.3 
() 2= (2) ey = 2.906. Therefore, 
2 


V1 P 37 
ve = 5 X 2.906 = 14.53 cuft. Ans. By the gas equation, 
(c) Ty = PH? py, = BUX NSB y ong = 1453°R. Ans. 


pn) «148 X5 
(d) By Table 24, the work done is: 
_ 144i — ps) _ 144(148 X 5 — 87 X 14-58) _ 97 109 fe Ih. Ans. 


bi Weil o (31 


(e) By eq 15-2 (see Sect. 15): 


97 100 
qi = Uz — Ui + Wo = U14sz — U2000 + a7 


147.54 — 258.17 + 124.90 = 14.27 Btu/Ib. Ans. 


All of the examples so far worked out in this chapter have been for reversible, non-flow 
processes. We will now take up a steady flow process, but, to make it a little shorter, 
will not consider kinetic energy. 


Eexampte 14.—Reversible, Steady Flow Process.—A reciprocating air engine is 
supplied with air at the rate of 4 pounds per second. Air enters at 1000° R and 300 psi. 
‘There is no heat flow and no frictional loss, fluid or mechanical. Release temperature 
i, 600° R. Find: (a) volume of air entering the engine per min, cu ft, (6) release pres- 
sure, psi, (c) volume of air leaving each minute in cu ft, (d) with the pressure at release 
equal to the back pressure, find average pressure exerted on the piston during the two 
alrokes, (e) the horsepower developed by the engine. 





Solution.— 
» _ M'BT, _ 60 X 4 X 53.383 < 1000 _ 
(a) V' = P, a 296 cfm, Ans. 
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i TAB op oD 
(0) iq 280, 0 = fir cn Gr — cag logs 5? 


Sp, 600 — Sp,1000 = 0.06379 — 0.18825 = — 0.12446. Therefore 


P, 0.12446 0.05404 P 

lot oe = CS ba 

810, = 00085 X 2.303 0.06857 4d =p, = 6.151 
300 : 

P2 = 6751 = 48.8 psi. Ans. 

v2 al Pils 





= 600 = 
b= Pa = 151 X 7o 95 = 3.69 


V2’ = 296 X 3.69 = 1092 cu ft/min. Ans. 
(d) By eq 35-2, wo = hi — he = 131.20 — 33.62 = 97.58 Btu/\b. 
The mean or average pressure during the two strokes is equal to the work 


pound in ft lb divided by the volume ied b: ir in i 
ale as y occupied by the air in its most exp: 

















_ Wo _ 97.58 X 778 X 1 : 

Pm = va 1092/240 aa AES Ane, 

Including the negative work absorbed in overcoming the back pressure on th 

turn stroke, the horsepower developed is: work a ee in Bi divided Bl 42, 

the Btu per min per hp. 

97.58 x 4 X 60 
42.42 


(e 


~~ 


= 553 hp. Ans. 


290. Gaseous Mixtures.—(a) Kinds, Characteristics.—Simple g, 
such as nitrogen, oxygen, hydrogen, are not often encountered in indust 
Even air, which we usually treat as a single gas, is a mixture of seve 
gases. Natural gas is a mixture of three or four constituents. All of 
manufactured gases have many constituents. A fuel gas mixed with 
for combustion is a gaseous mixture. The gaseous products of comb 
tion always contain several constituents. 

Mixtures of dry air and water vapor are very important and th 
study is somewhat complex due to the evaporation or condensath 
usually encountered, as in condensers and cooling towers. 

Most of the simple gases making up a mixture follow the general 
law. The presence of such gases as carbon dioxide or the volatile pet 
leum distillates is usually in such small percentage of the whole mixt 
that it may still be treated as a gas. 

For the mixture, the important properties such as the gas constant 
and the specific heats c, and c, must be computed. The equivalent 
mean molecular weight, the density and the analyses by volume and 
weight must be computed in part. 

In the mixture, each of the separate gases occupies the whole voli 
as the space between the individual molecules is relatively imm 
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ach of the constituent gases contributes part of the total pressure. 
‘his partial pressure is, by Dalton’s Law, the pressure exerted if the 
constituent were the only gas present in the space occupied by the mix- 
ture. The sum of the partial pressures is the total pressure in the mixture. 

The volumetric analysis of a mixture gives the percentage of the total 
volume that each constituent would occupy if alone and under the whole 
mixture pressure. For example, in the atmosphere, the volume of nitro- 
yen is said to be 78.1%, that of oxygen 20.9% and that of argon 0.9%. 
Actually each of these gases (at least at low altitudes) is present in the 
same concentration throughout. 

Atmospheric air always contains a small amount of water vapor. 
At the ordinary temperatures prevailing at the surface of the earth the 
water vapor is usually superheated steam. 

(b) Gas Constant, Specific Heats, Conversion of Analysis.—On a 
pound basis, PV = MBT. On a mol Basis PV = nRT. By eq E, 
Chap. 2,mB=R. As R is the same for all gases, B for any gas gives 
m, or m give B. Here n is the number of mols. 

The values for B and for m are given in Table 1, Chap. II, for 11 gases. 

In the equations of this section, P, V, T, B, m, cp, &, M, without sub- 
wcript refer to the gas mixture as a whole. The same letters with the 
subscripts a, b, etc. refer to the constituents a, b, etc. Blackface Va, Vo, ete. 
refer to volume of a constituent measured at the pressure of the mixture; 
(that is PV, = P.V. The compression from V to Va raises the partial 
pressure of the constituent from P, to P at constant temperature. 

Keeping in mind Dalton’s Law of partial pressures and that, in the 
mixture, each constituent and also the mixture as a whole has the same 
volume and the same temperature: 


PV fee Ps 
MB = =~ = (2P.) 5 = 9 


+ Pit + ete. 
= M.B. + MsBi + ete. (45) 
Leave out the intermediate terms, and dividing through by M, we have: 


= (M Ba +. M,B, + etc.) . 
B= = (M+ M + etc) i. 


ty substituting in each term of eq 46, B = R/m from eq E, Chap. 2, we 
wot: 
M. , M, ) 
( + ™ 4- etc. 


1 Ma 
mM = (Ma+ M + etc.) (#7) 
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Eq 46 and 47 enable us to compute either B or m for a mixture f 
a weight analysis. 


By equating PaV/RT to n, and PV/RT to n and dividing, we get 
Tie akg 


eae oh ¢ 
The numbers of mols are proportional to the partial pressures. 
volumes of the constituents, measured at the pressure of the mixture, 
also proportional to the numbers of mols present, directly from A 
gadro’s Law of equal volumes per mol or per molecule, when measu 
the same pressure and temperature. Also 


M, etc a Mana ~ MP, ae mMaVa 
M’ "mn ~~ “mP ~— mV 


In eq 49, black face V is from the ordinary volumetric analysis of 
mixture. The term next preceding shows how the partial pressure 
constituent will give the percentage by weight of the constituent. 

291. Humidity of Moist Air.—The moisture in air is superheated s 
at low pressure. The amount is readily determined from readings 
wet and dry bulb thermometers. The dry bulb thermometer m 
the actual air temperature. The bulb of the wet bulb thermome 
covered by absorbent wicking which is kept moist by water whi 
drawn up by capillary action from a small vessel containing water. 

The air whose humidity is to be determined is at dry bulb tempera 
This air should circulate briskly about the wet bulb which is at a | 
temperature due to the refrigerating effect of the water which is evap 
ing. The difference in temperature recorded by the two thermome 
called the wet bulb depression. The moist air supplies the heat 
evaporate some water from the wicking and is itself cooled in the pr 
It leaves at the wet bulb temperature and saturated with moisture. 

The bodies involved in the process are the moist air with its con 
of superheated steam, the water on the wicking which is evaporated 
constant temperature and the air saturated with moisture which lew 
the wet bulb. The process is ideally adiabatic as far as heat transfer 
or from other bodies, and the work done on or by the moving air is 
ligible. Actually a very small amount of heat is radiated to the wick 
from outside bodies. A brisk circulation of air should reduce the 
portance of radiation to a negligible amount. 

Neglecting the small radiation effect, the enthalpy entering wi 
(1) dry air; (2) superheated steam ; (3) the water being evaporated f 
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the wicking must equal; (4) the enthalpy of dry air leaving at the ae 
temperature, plus; (5) the enthalpy of the saturated steam leaving wi 
the air. In the energy equation following: 


M» is the mass of saturated steam, leaving wet bulb, : 

M is the mass of dry air, per lb of saturated steam leaving wet bulb, 
M, is the mass of superheated steam entering, per lb of M2, 

| — M, is mass of water evaporated from wet bulb, per lb of Mo, 

‘, is dry bulb temperature, in deg F, 

l, is wet bulb temperature, in deg F, 

B is the atmospheric pressure, usually, in. of Hg, 

P,,. is the pressure of saturated vapor leaving, at te, n 
B — P,,2 is the dry air pressure in the mixture leaving the wet bulb, 
m, is the molecular weight of air, 28.97, or 29 in round numbers, 
m, is the molecular weight of steam, 18.016, or 18. 


Then by eq 49, the ratio of masses of dry air and saturated vapor 
leaving the wet bulb is proportional to the ratio of vapor-pressures times 
the ratio of molecular weights, or: 


Win Ty Ba Ses) (50) 
My Ves v, 2 
the mass of saturated vapor leaving being taken as the unit. 
And for the dry bulb, similar to eq 50: 


M pe 28.97 (B - eet) = 1.608 (B ool Py, 1) 
vw, i 


nee ae (50a) 
M, «18.016 X P.,1 P. 


In the process in which the mass of dry air M with its content of super- 
heated steam passes over the wet bulb, no heat passes to or from other 
bodies and the enthalpy is therefore constant. It follows that the loss 
of enthalpy of the dry air must equal the net gain in enthalpy of the water 
and steam, or: 


M X 0.24 X (t: — te) = hye — {(1 — Mi) X bye + Mi X hy} (51) 


from which 
ip r= hy,,2 — 0.24(ti —_ t2)M (52) 
cn h,,1 — hye 


At the very low vapor pressures prevailing, superheated steam sabe 
us a gas and therefore its enthalpy is the same as that of dry ah 
xteam hy,, at the same temperature, 4. Also, the evaporation of water 


M, 
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from the wick is at the constant temperature, f2. In deriving eq 52 fr 
eq 51, use is made of the fact that: hy,2 — bys = hyo. . 

By substituting in eq 50, with B given by the data and with P, 
obtained from the second or third column of Steam Table 1, the value 
M = he Substituting in eq 52 this value of M and the enthal 
bas sg fel St three enthalpy columns of the Steam Table 1, the ra 

The pressure of superheated steam entering at f, divi 
pressure of saturated steam at the same awhetiee 2 the aaa i 
madity. Theabsolute humidity isthe density of the steam entering express 
in lb/ft® or in grains/ft®. The avoirdupois pound contains 7000 gral 
The dew point temperature is the temperature at which the moist 
entering when cooled at constant pressure will begin to condense o 
moisture. It may be found by looking for the vapor pressure of s 
entering in the p column of Steam Table 1. 

The density, specific heat and enthalpy of the moist air being e 
ined may now be found from the weight analysis, the specific heats 


steam and water (taken at 0.45 and 0.24 re ively 
. , t; 
columns of the steam table. spectively) and the enthal 


Exampte 15.—Properties of Moist Air f i 
K Moi rom Readings of We 
see ea sige barometer reading is 30 in. Hg. The ee bias eens aie i 
~ pales ; ermometer reading is 60°F. Find: (a) the vapor pressure of the sat 
“ ohn leaving bie wet bulb in psi and in in. Hg, the specific volume and den 
and of the saturated vapor at this temperstase G} (hee Py oF, the saturated liq 
‘ rature, e mass of d i lb of 
vapor leaving the wet bulb, (c) the mass, per lb ti WM, of the super 
steam in the air being examined, (d the lative, Hauidity ay ent ee 
humidity of the air entering in ol obs oat to any in percent ata 


Solution.—From Table 1, Saturation Temperatures, 


(2) py2 = 0.2563 psi or 0.5218 in. Hg at 60°F 
= 1/1208.7 = 0.000829 Ib/cu ft, by. = 2806 Biu bred ce, tab and de 
Hiya = 1059.0 Btu/lb, by 1g ‘Ba/jip  Ood Bes = 


b) B 50. M = 29 (30_— 0.5218) _ 
(6) By eq 50, M 18 051g = 90.9 lb/b. Ans. 


(c) By eq 52, My = 1059.9 — 0.24 < 90.9 x (77.5 — 60) 
1095.6 — 28.1 





= 0.635 Ib/Ib. 


seat 90.9 _ M_ (30 — P, 
(@) By eq 50a, 5 G35 = ay = 1.608 5a) 


vl 


Solving, P,1 = 0.333 in. H, 
le, ‘ - Hg. Then, by Steam Table 1, d i i 
Pressure of saturated vapor at 77.5° F is 0.951 in Hg. Relative) pumice Gian rhe 


= 0.35 or 35%. Ans. Absolute humidity is 2390 — 9-85 _ 9 990515 Ib/ou fh, A 
or 3.59 gr/cu ft. Ans. ho boa 
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For sea level pressure, charts are available giving humidity, dew point and other 
properties. For other pressures, where charts do not apply, computations like the pre- 
ceding may be used. 

292. Types of Problems in Air-Vapor Mixtures.—The principals dis- 
cussed in Sec. 290 and 291 find application in a variety of processes in 
cooling or heating gas or vapor mixtures and also in expansion and com- 
pression, in drying or humidifying or in carburetion. A brief reference 
to a few of these processes is made in the following. Space limitation does 
not permit discussion in any detail. 

1. Air-Fuel Gas Mixtures.—The combustion equations for the fuel 
burned in air and the amount of excess air required to ensure ignition 
and also complete combustion, together determine the volumetric propor- 
tions of the mixture. The gas constant and the specific heats of the 
mixture may then be computed, after which it may be treated as a single 
gas during induction and compression. 

2. Air-Volatile Fuel Mixtures.—<As in the preceding, the combustion 
equation should be used, with allowance for excess air. During induction, 
to secure complete evaporation of the fuel with a permissable pressure 
drop in the carburetor, the partial pressure of the evaporated fuel vapor 
as fixed by the mixture proportions, must be less than that of the satu- 
rated vapor. This depends on temperature. As the refrigerating effect 
of evaporation lowers the temperature, heat must generally be supplied. 
‘The amount of heat must be computed if satisfactory carburetion is to 
be assured. 

3. Cooling Products of Combustion at Constant Pressure.—The 
volumetric analysis with the water in the form of vapor is usually avail- 
able. ‘The mixture may then be treated as a gaseous mixture as in case 1. 
More often, especially when a large amount of excess air has been used, 
(he specific heat is taken as that of air. In such case the Table of Proper- 
ties of Air may be used to compute heat losses. But during the cooling 
the water vapor will reach its dew point temperature and thereafter 
gradually condense out. The dew point temperature may be readily 
computed as in Sec. 290. This is of importance on account of the corro- 
sive character of the products of combustion when wet. 

4. High-Pressure Isothermal Compression of Moist Air.—The 
amount of water removed and the reduction of volume and in the work 
of compression are both computed. 

5. Adiabatic compression or adiabatic expansion of moist air in 
reciprocating apparatus involves superheating moisture in the first case 
and condensation in the second. 
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6. Air Conditioning.—To secure clean air of the desired temperat 
and relative humidity, the air may be cooled by water sprays to the d 
point temperature corresponding to the desired humidity, and th 
heated out of contact with water to the specified temperature. 
amount of refrigeration needed and of subsequent heat supply, as well 
the dew point temperature must all be computed. 

7. Cooling Towers.—Water which has been heated in the jackets. 
internal combustion engines or by circulating in the tubes of a turbine ¢ 
engine condenser, or otherwise must be cooled if it is to be re-u 
Where space is expensive the cooling tower may be used. The w 
water enters and is distributed at the top of the tower and the co 
water leaves at the bottom. The air stream traverses the tower in 
opposite direction. Evaporation of some of the water occurs, contrib 
ing to the cooling and permitting the attainment of a lower temperat. 
of the cooled water. Computions of the air per pound of water and of 
amount of water evaporated are important. 

293. Problems.—Answers based on specific heat data for 32° F. 

(a) Non-Flow Constant Volume.— 


EXAMPLE 16.—Half a pound of air at 60 psi and occupying 3 cu ft is cooled at 
stant volume until the pressure drops to 20 psi. Find: (a) heat rejected in Btu, 
initial and final temperatures, deg R (c) loss of entropy. 


Solution.— 
(a) From Table 24, 


—_ V@:=P:) _ 8 & 144(60 — 20) t. 
Q = 778(k — 1) ~ ” 7780.4 — in * 55.5 Btu. Ans. 








_ PW, _ 144 x60X3_ 
©) Ti = Fg = “Fe = 78° R. Ans. 
Paik ahs 2 OB X20 gone.) Ane, 
P1 60 


(c) Sz — Si: = Mey log. 7 = 0.5 X 0.171 X log, 5 = 0.094 Btu/deg R. Ans. 


1. Two lb air is heated at constant volume of 50 cu ft from initial pressure of 80 
to a final pressure of 75 psi. Find: (a) heat absorbed in Btu, (b) initial and final 
peratures, deg R, increase of entropy. Ans. (a) 1042; (b) 2027, 5068 ; (c) 0.315, 
~ 2. Three lb air, initially at 60° F and 100 psi is heated at constant volume to 12 
Find: (a) the volume and final temperature, deg R, (b) heat received in Btu. Ams, 
5.77, 650; (b) 66.6. 


~ 3. Two hundred cu ft of air initially at 160 psi is cooled at constant volume 


pressure of 90 psi. Find: heat rejected in Btu. Ans. 6483. 

“ 4. Sixty cu ft hed is ren at axe Mewees 3 until the pressure increases 
psi to 200 psi. Find: (a) heat received, Btu (b) gain in entropy, Btu/lb/ 

Ans. (a) 3330; (b) 0.157. dao it “ 
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(b) Non-Flow Constant Pressure.— me A 
17.—Three pounds of air, initially at 80° F and with a volume o cu ft, 
is oxen and heated ae conaiais pressure to a final volume of 35 cu oP poet 
(a) Pressure in psi, (b) heat received in Btu, (c) work done by air in ft lb, (d) fina 
perature in deg F, (e) increase of entropy in Btu per deg. 








Solution.— 
MBT _ 3 X 58.33 x 540 _ : 
(a) P= ri." 0 = 4320 psf, 30 psi. Ans 
1) Qu P(V2— Vi)k = 4320(35 — 20)1.4 vrai tee' Sax 
(b) @= TB — 1) 778(1.4 — 1) 


() W = P(V2 — V1) = 4320 X (85 — 20) = 64.800 ft Ib. Ans. 





TVs 35 _ 945° R = 485° F. Ans. 
(i) T, = “2 = 540 x 55 = M45°R 


_ Se . Ans. 
(Se — S:1) = Me, loge 7 = 3 X 0.241 X log. 575 = 0.4045 Btu/deg. An 


i i i i tant pressure to a 
5 + 60 psi and with a volume of 80 cu ft is cooled at cons 
final ie of 50 cu ft. Find the heat rejected in Btu. AN, ie ers 
;. Air, with initial volume of 50 cu ft is heated at a constant pressure o 
SC cee ae eee to 120 cu ft. Find: (a) heat absorbed in Btu, (6) work done 
ee ee a eas 15 psi is expanded at constant pressure until the 
f air at 80° F an psi i d | th 
MR ep ot ft. Find: (a) heat, absorbed in Btu, (6) work vane by ” in 
{\ lb, (c) initial and final volumes in cu ft, (d) increase of entropy in Btu per deg. ns. 
(a) 195; (b) 48,200; (c) 26.7, 46.7; (d) 0.269. ; en et 
8. Twelve cu ft of air has a temperature of 100° F. It is heated at 100 psi un’ rs - 
lomperature rises to 300° F. Find: (a) heat received, in Btu (b) work x a G 
(e) mass in Ib, (d) final volume in cu ft, (e) entropy increase, Btu per deg R. Ans. 
278; (b) 61,850; (c) 5.79; (d) 16.3; (e) 0.425. ; ne 
9. (a) Initially, 300 cu ft of nitrogen is at 100° F and atmospheric orgs 4 Fine 
woight. (b) The same weight of nitrogen, but at a constant pressure 0 nS peig a 
hoated from 800° F to 900° F. Find increase in volume. Ans. (a) 20.55 Ib; (6) 6. 
ou ft. Ay ; 
i , initially at 60° F, expands at a pressure of 100 psi, increasing 
in eee aren Find: a) external work done in ft lb, (b) hea D 
dog EF, (c) heat absorbed in Btu, (d) rate of doing work in hp. Ans. (a) 239,000; ( 
H2; (c) 974; (d) 21.7. 


(c) Adiabatic Processes.—Work computation for reversible non-flow operation. 
i i i oF i iabatically until 
D} .—Sixty cu ft of air at 80 psi and 200° F is expanded adia’ . 
the bees to 50 pai. Find : (a) mass in lb, (b) final volume, (c) final temperature, 
(i) external work done by air in expanding. 
Solution.— 
P,\V; _ 144 X 80 X 60 


= = 19.68]b. Ans. 
BT, 53.33 X 660 





(a) M = 


r 


7 1 
1 (3 y = (By = 1.396. Vs = 60 X 1.396 = 83.76 cu ft. Ans. 
et) 78 50 


©) 7 "\P, 
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14-1 
T,  (30\ 14 _ ae 660 ¥ 
© R= (&) = (L683 = 1137, T= 70 = 581°R. Ane. 
PiVi— PV, _ 144(80 x 60 — 
@ W = Es _ MAC) X GO — 50 X 83:8) _ 999.000 ft Ib. Ans. 


11. One-fourth pound of air at 60° F and 20 psi is adiabatically compressed till 
temperature rises to 800° F. Find: (a) initial eokeri: (b) final etnias: (co) final p 
psi, (d) work done in ft lb. Ans. (a) 2.4 cu ft, (b) 0.262 cu ft; (c) 444; (d) 24,600. 

12. Kight-tenths of one pound of air with initial pressure of 80 psi and initial vol 
of 10 cu ft is adiabatically compressed until the pressure doubles. Find: (a) ini 
temperature, deg F, (b) final temperature, deg F, (c) final volume, cu ft, (d@) work 
in ft lb. Ans. (a) 2237; (b) 2820; (c) 6.09; (d) 62,600. 

13. A cylinder has the inside diameter 20 in. The piston starts at a distance of 6 
from the closed end with air pressure in the cylinder equal 400 psi. The air e 
adiabatically driving the piston forward until the pressure drops to 50 psi. Find; 

1 volume in cu ft, (6) the work done in ft lb. Ans. (a) 4.81; (6) 70,400. 

_14. In an internal combustion engine, the clearance volume or volume of gas in 
cylinder at the end of compression is six per cent of the piston displacement (or voli 
swept by the piston face during the stroke). At the beginning of compression the 
sure is 14 psi, the volume is 10 cu ft and the temperature is 150° F. Assume the wor 
medium is air and compression isentropic. Find: (a) volume in cu ft at the end of 
pression, (6) pressure in psi at the end of compression, (c) temperature, deg F at, 
same point, (d) work done by piston during compression, ft lb, (e) the average 
during compression in psi. Ans. (a) 0.567; (b) 784; (c) 1470; (d) 109,700; (e) 408, 


(d) Non-Flow Isothermal Processes.— 
Exampie 19.—Fifty cu ft of air at 80 psi and 60° F is isothermally compressed 


150 psi. Find: (a) mass in Ib, (6) final volume in cu ft, (c) heat rejected i 
done in ft Ib, (e) total loss of entropy in Btu per deg mn aed ee 





Solution.— 
(@) M = Fit = MAXX 50 _ 20.8 1b, Ans. 
(6) Ve = Viz = axe = 20.67 cu ft. Ans. 
(c) QO = Tir loge! oe ae x Bs log. ~~ = 467 Btu. Ans. 
(d) For T = C, Wi = 778Q. = 778 X 467 = 363,000 ft Ib. Ans. 
(e) Sz — 81 = g = cul = 0.898 Btu per deg. Ans. 


15. Seven-tenths of one pound of air, initially at 200 psi and 80° F, is isothe 
ooo ate Pinna he @ ft. Find: (a) final pressure in psi, (6) heat recei 
u, (c) work done in , (d) increase in entropy. Ans. .98) ; 8; 
500; (2) 0461. py (a) (6.98) ; (b) 86.8; (@) 
__,.16. Two thousand ft Ib of work is done on air, initially at 60 psi and 100° P, d 
isothermal compression to one-half of the initial volume. Find: (a) mass of alr in 
(b) change of entropy in Btu per deg. Ans. (a) (0.0966) ; (6) —0.0049. p 

_ 17. Air at 600° F expands isothermally doing 60,000 ft lb of work while the vo 
triples. Find the weight. 0.965. Ans. 
18. One-fourth of one pound of air at 80° F is compressed isothermally from 
sure of 20 psi to a volume of 0.5 cu ft. Find: (a) Work done on air, ft Ib, (b) 
entropy. Ans. (a) 11,590; (6) 0.0276. 
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(e) Polytropic Processes.— Non-Flow.— 


ExampLe 20.—One pound of nitrogen with initial volume of 6 cu ft and pressure 
300 psi expands according to the law pv” = c¢ to a final volume of 30 cu ft and pressure 
40 psi. Find: (a) value of n, (b) work done by the gas in ft lb, (c) find heat received or 
rejected in Btu, (d) gain or loss of entropy. 

Solution.—(C, = 0.183, k = 1.885 used here and in Problem 19.) 











300 
log = log —~ 
=, fhe 40 _ log7.5 _ 
(a) n= lop = Tor 22 30 = log 5.0 5.0 = 125k: Ane 
Dae BG 
_ PiVi — PiV2 _ 144(800 X 6 — 40 X 30) _ 
()) W= peg m5 = 1251-1 = 344,500 ft lb. Ans. 
; _ (n—k) _ (1.251 — 1.885) _ 
(c) cn = Cy Pay ae te 0.1832 X (1.251 — 1.000) ~ 0.0978 
_ PiVi _ 144 X 300 X 6 _ A = ° 
Ti aio) Sem SY: rs Be 4700° R. T2 = 3133.3° R 
Q =q=c,(T2 — Ti) = — 0.0978(8133.3 — 4700) = 153.5 Btu. Ans. 


(d) Se — Si = 82 — 81 = Cn loge? = — 0.0978 log.a753 = 0.0397 Btu perdeg R. Ans. 
1 


19. Five tenths of one pound of nitrogen at 3000° F and 300 psi is expanded follow- 
ing law PV13 = C till the pressure drops to 40 psi. Find’: (a) V2, (6) tz in deg F, (c) work 
done by gas in expanding, ft lb, (d) heat received by gas in Btu, (e) increase of entropy in 
Iiiu per deg R. Ans. (a) 10.4; (b) 1713° F; (c) 118,000; (d) 33.4; (¢) 0.0121. 

20. Air expands behind a piston following the law PV" = C@. Tt does 85,000 ft Ib 
of work on the moving piston and receives heat in the amount of 40 Btu from the cylinder 
walls. Find value of n. Ans, 1.258. é . e 

21. Oxygen in a cylinder is compressed by an advancing piston from the initial 
pressure of 10 psi at 1500° Rand volume 30 cu ft to a final pressure of 150 psi and volume 
of 3 cu ft. Some heat is rejected so that compression follows the general law PV” = C. 
‘Thereafter, while the piston is stationary and the volume constant the oxygen is cooled 
until the initial pressure is reached (10 psi). Find: (a) the value of n during compression, 
(b) the work done by the piston in compressing the oxygen in ft lb, (c) the heat rejected 
by the gas during the compression in Btu, (d) the heat given off while cooling at constant 
volume in Btu, (e) the loss of entropy in cooling. Ans. (a) 1.1761; (b) 122, 663; (c) 88.6; 
() 192.9; (e) 0.2488. Draw a large scale 7'S diagram to show the direction of heat flow. 

22. Two pounds of oxygen at 300 psi and 2500° F are permitted to expand in a 
vylinder according to the law PV! = C until 300,000 ft lb of work is done on the piston. 
Vind: (a) heat received by the gas from the cylinder in Btu, (6) the pressure in psi at 
(he end of expansion, (c) the volume in cu ft at the same point, (d) the final temperature, 
dog R. Ans. (a) 48.2; (b) 51.5; (c) 24.48; (d) 1872.6. 


293a. Problems.—Work and Heat Flow, Variable Specific Heat.— 


23. Non-flow, constant volume heating of air. Three pounds of air, initially at 
140° F and 15 psi, receive heat at constant volume until the temperature rises to 2000° R. 
ind: (a) volume, cu ft, (6) final pressure, psi, (c) heat received, Btu, (d) increase in 
entropy, Btu per deg R. Variable Specific Heat. Ans. (a) 44.4; (b) 50; (c) 797; 


(d) 0.67128. 

24. Non-flow, isobaric expansion of air. Variable specific heat. Thirty cu ft of 
alr, initially at 1000° R, and at 20 psi are heated at constant pressure until the volume 
increases to 150 cu ft. Find: (a) mass in lb, (b) final embers, deg R, (c) heat re- 
wived, Btu, (d) work done by air in ft lb. Ans. (a) 1.617; (6) 5000; (c) 1864; (d) 346000. 
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25. Non-flow, adiabatic expansion of air. Fifteen cu ft of air, initially at 3000° 
and 120 psi, is adiabatically and reversibly expanded as in a cylinder behind a pi: 
until the pressure drops to 30 psi. Find: (a) mass in Ib, (b) final volume, cu Ht, 
peg her igeaas deg R, (d) work done by air in ft Ib. Ans. (a) 1.62; (b) 43.1 3 (c) 215 
(d) 306400. > 

26. Non-flow adiabatic and isentropic compression of air. Three pounds of 
initially at 12 psi and 900° R, is adiabatically compressed until the temperature rises 
5400° R. Find: (a) initial air volume, cu ft, (6) final air volume, cu ft, (c) final air p 
sure, psi, (d) work done on air, ft lb. Ans. (a) 83.3; (b) 0.333; (c) 17990; (d) 2,318, 

27. Non-flow polytropic compression of air. One pound of air, initially at 500° 
and 20 psi is compressed to 30 per cent of its initial volume while the relation P 
equal a constant holds. Find: (a) initial volume, cu ft, (6) final pressure, psi, (c) 
temperature, deg R, (d) work done on air, ft Ib, (e) heat received, Btu, (f) Show on 
diagram. Ans. (a) 9.25; (b) 121.7; (c) 913; (d) 44085; (e) + 15. 

28. Steady-flow adiabatic and isentropic process. A compressor draws in 800 cu 
of air per min at 80 psi and 600° R. Lomproesion is reversible adiabatic to 600 
Find: (a) mass air,-lb, (b) final temperature, deg R, (c) final volume, cu ft, (d) work 
by ye et on air passing, ft Ib/min, (e) horsepower to drive compressor. A 
(a) 320 lb/min; (6) 1056; (c) 18.69 cfm; (d) 10°27.794 ft lb/min; (e) 842, 
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CHAPTER XVIII 
GAS CYCLES 


294. Survey.—The most important object to be attained is to compare 
cycle efficiencies and determine the principal causes of variation in effi- 
ciency. It is also important to find maximum pressures and tempera- 
tures that may be expected. Finally, the mean effective pressure, which 
is the most important factor in fixing size of apparatus for a given amount 
of work should be studied and compared. 

295. The Carnot Cycle for a Gas.—In Sect. 27, the Carnot Cycle has 
been described, and in Sect. 28 of the same chapter, the expression for 
efficiency of the cycle established. It will be remembered that the effi- 
ciency_of the cycle does not depend upon the working medium but is a 
function of the temperatures of heat receipt and rejection only. 





Fic. 186a. TS  Dia- Fic. 186b. PV Dia- 
Pais of Carnot Cycle for gram of Carnot Cycle for 
Gas. Gas. 


The work of the cycle for given dimensions of the engine does depend 


upon the medium. In Sect. 83, Steam Cycles, the work of the Carnot 
(‘ycle for Steam is discussed. Fig. 186a and 186b give Ts and Po dia- 
grams of a Carnot Cycle fora gas. The 7's diagram is the same as Fig. 36, 
(he corresponding diagram for initially dry saturated steam, but with 
reference lines for saturated liquid and saturated vapor out. 

The isothermal expansion, ab, Fig. 186b, at T1, follows Boyle’s Law, 
or Pv = Constant; and the work te 
done by the gas on the piston during this expansion is shown by the 
area below the line ab on the Pv diagram down to the line of zero pressure. 

391 
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Expressed in ft lb, this is: 
£ V 
778Qa, = Was = PaVa log, Vy. = MBT, log. 7: 


These expressions come from eq 29 of the preceding chapter. During 
adiabatic process be which follows, the work done equals the loss 
internal energy, as given in eq 19 of chapter 2 or in Table 24, Chap. XV 


W, in Btu is = U, <4 (ih = Me,(T, = ES) => Me,(Tx ~ T2). 


During the isothermal compression, cd, the heat rejected and the w 
on the gas are each, in Btu, 


Qet = Wea in Btu, = J ecs Ve 
d 2 in Btu, = 745P.V. log, v= M BT: log. 7. ( 


During the adiabatic compression da whi 
ch completes th 
done on the gas is: Shae 


Wea in Btu => Mey(T, — T2). 


a is exactly the same as the work of the adiabatic expansion f 
0c. 


The net work of the cycle is the sum of the works of the four ph 
and, as the works of the processes be and da are equal, and opposite 


sign, this is the work of the process ab minus the work of the process ¢ 


By the first law of thermodynamics, the net work done by the medi 


in the complete cycle must also equal the net amount of heat supplies 
1 — Qs, or expressed in ft Ib, 


W = Wes — Wea = 778(Qs — Qs) = MBT, log. 1 _ MBT, log. 1. 
a d 


Applying the equation for the adiabatic 
process for a gas, eq 26, chap, 
to the processes be and da, me 


(7) = ier “6 V3 k-1 
Va i T. Py (7) 


Va = Ve 
va we and 


>= 


whence 


Ps Fo 
T 
ale 


Call the latter ratio r, then eq 5 becomes 


W = MBT, log. r — MBT, log, r, 
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and 
_W _ MB(T: — T2)loger _ T: — T2 


sokliGe: MBT, loger Tr 3 


Eff 





us already proven in the general case for any medium in Chap. 2. 

296. Conditions for Highest Efficiency.—In Chapter II, Sect. 27 and 
28, it was proven, for any working medium, and any heat engine cycle of 
operation the highest efficiency could only be obtained for given tempera- 
(ure limits if every process was reversible and if all heat was received at 
the highest possible temperature and all heat not converted to work was 
rejected at the lowest possible temperature. Eq 8, based on the proper- 
lies of a perfect gas, confirms the expression for efficiency of the Carnot 
cycle already established for any working medium in Chapter IT. 

The Carnot cycle and its efficiency is of great value as establishing a 
standard of “perfect” performance with which the actual performance of 
« heat engine may be compared. The second law of thermodynamics 
which rests on experience of trained observers is the basis for the use 
of the Carnot cycle and the reversible cycle as the ultimate standard of 
performance in obtaining work from heat in an engine. 

297. Bars to the Use of the Carnot Cycle in an Actual Engine—The 
(low of heat through metal walls limits engine speed. ‘The hot air engine, 
which depended on such heat flow, was forced to operate at such a low 
speed of revolution that it has been long since eliminated. Another ob- 
jection is that the highest possible temperature of the working medium 
must be less than the safe operating temperature of metals under stress. 
‘This is the bar to increase of availability of the energy of steam generated 
in boilers. Engineers are combating this limitation by the development 
of alloys which are safe to operate under higher and higher temperatures. 

The effective operating pressure of an engine using a gaseous working 
medium and operating on the Carnot cycle must be low. This does not 
apply to the vapors of liquids boiling at high temperatures and pressures. 
The following example. of an ideal engine operating on the Carnot cycle 
with air will illustrate the bulkiness of apparatus required. 


298. Carnot Cycle with Small Isothermal Ratio of Expansion. 


ISxampie 1.—Carnot Cycle. Working medium, air. At beginning of heat supply 
jyousure is 600 psi and temperature is 4000° R. During isothermal expansion the volume 
partes to four times the initial volume. The low temperature rejection of heat is 
at 1000° R. Weight air is one pound. Find, (a) initial volume, (b) heat received, in 
lt lb, (c) efficiency, %, (d) work of the cycle, ft Ib, (e) volume, cu ft, at the end of. iso- 
(hormal expansion, (f) volume cu ft, at the end of adiabatic expansion, (g) work in ft 
lb por cu ft of piston displacement, (h) cycle mean effective pressure, psi. 
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Solution.— 
297.76 X 778 
, 0.377, 0. (c) Work/eu ft = —“— = =©°° ““"% _ 0976 ft Ib/cu ft. Ans. 
(a) t = — _ ners a O87 x 4000 = 2:47 i0 per th: Ann. / Ve—% 237.29 — 0.02 fe 


Mean effective pressure of cycle = 976 + 144 = 6.78 psi. Ans. 
(b) 778Q. = MBT,log.r = 53.33 X 4000 x log. 4 = 295,700 ft lb. Ans. vi ‘ r 


Ti —T. _ 4000 — 1000 
Ty v 4000 

(d) Work of cycle = Qi X Eff = 295,700 X 0.75 = 221,775 ft lb. Ans, 

(e) vw = var = 2.47 X 4 = 9.87 cuft. Ans. 


Exampie 3.—Carnot Cycle for Air.—The pressure 600 psi, and the temperature 
(46° R at the point a, the beginning of isothermal heat receipt and the temperature 
{61° R and pressure 1 psi, at the beginning of the isothermal heat rejection are taken 
(he same as for example 2. Using the equation of a gas with B = 53.33, the initial 
volume va = 0.5834, cu ft/lb and the largest volume », = 207.5 cu ft/lb. The tempera- 
lure ratio, b to c, is 946/561 = 1.68628 and for the adiabatic process bc the volume ratio 
la thus es to the 1/0.4 = 2.5 power, = 3.6926 and the pressure ratio is 1.68635 
» 6.2267. 

This makes the pressure at 6 = 6.2267 psi and the volume, 207.5 + 3.6926 = 56.2 


(c) Eff = 





= 75%. Ans. 


1 
am 000 \2-5 
(f) 0. = n(a) 1 = 9.87 x ( —_ = 9.87 X 32 = 316 cuft. Ans. 


1000 ou ft/lb. Similarly, the volume at d is va = va X 3.6926 = 0.5834 X 3.6926 = 2.154 
21 775 wu ft/lb the pressure at d is pa = 600 + 6.2267 = 96.4 psi. 
(g) Work per cu ft = 316 — 25 = 257 707 ft Ib per cu ft Pist. Displ. Ans. The hee’ received from @ 10 bis: 
Sai ) = BT, loge ¥s/va = 53.33 X 946 X log. pom = 230,499 ft Ib/Ib = 296.5Btu/Ib. Ans. 
(h) Cycle M.E.P. = {44 = 4-91 psi. Ans. i 
The work done = 296.5 X 0.407 = 121 Btu/lb. Ans. 
A change in the isothermal ratio of expansion, V;/Va, would affect the work of the 4 121 X 778 


but would have less effect in changing the M.E.P. 





‘lhe mean effective pressure, psi, = = 3.16 psi. Ans. 


Ve— 0%. (207.5 — 0.58)144 


The work per cu ft and the mean effective pressure each come out about one-half 
i great as for steam. 


299. Comparison of Carnot Cycles with Steam and Air.— 


, Exampte 2.—Steam.—The initial condition is saturated liquid at 946° R and 
psi. At this point isothermal heat receipt will begin, accompanied by evaporation 
expansion, continuing until evaporation is complete and the water has become sati 
steam. During the process, the volume has increased from the initial volume vy 
0.0201 cu ft/lb to the final volume v,, equal 0.7698 cu ft/lb, or a little more than 
the initial volume. Isentropic expansion follows, ending at the point at which 
temperature has dropped to 561° R, the temperature at which water boils under 1 
Isothermal rejection of heat then begins with pressure as well as temperature co) 
and with condensation and reduction in volume and entropy until the entropy is the 
as that of the initially saturated water at 946° R and 600 psi. The fourth and 
process is adiabatic and isentropic compression to the initial state. Find: (a) eflie 
heat received and work of the cycle; also (b) volumes at the four critical points, (¢) 
per cu ft piston displacement and mean effective pressure in psi. 


300. Otto Cycle or 4-Stroke Constant Volume Combustion Cycle.— 
This is the cycle used in most internal combustion engines. Indeed it is 
and will remain for years more common than any other type of heat 
engine cycle. Fig. 187a and 187b are PV and T'S diagrams of the ideal 
oycle. 

A cylinder with a geometrically perfect bore has a reciprocating piston 
with a gas tight and frictionless joint between the two. The one cylinder 
ond, called the head is provided with two poppet valves one of which 
opens at the correct time to admit a fuel-air mixture on the ea stroke of 
(he piston and the other, also timed, to permit the escape of the products 
of combustion on the ae stroke of the piston. In addition, the cylinder 
head is provided with a spark plug which produces a high tension electric 
spark to ignite the gas-air mixture. 

Referring to the figures, the line ea on the PV diagram shows that 
constant (atmospheric) pressure exists within the cylinder during the 
suction stroke. During this stroke, the piston moves out from its position 
nearest the cylinder head and proceeds to the other end of the cylinder, 
with the inlet valve open, to permit air and gaseous fuel or fuel vapor to 
enter the cylinder under atmospheric pressure. This is the first of the 
four strokes of the four-stroke cycle. The inlet valve then closes and 
liring the second or return stroke ab the piston compresses the fuel-air 


Solution.— 
T:—T2 946 — 561 
Pie" O46 


Heat received = hyg,1 = 731.6 Btu/lb. Ans. 
Work of the cycle = q: X Eff. = 731.6 X 0.407 = 297.76 Btu/Ib. Ans. 
(6) At beginning and end of the adiabatic expansion, s = 8,,1 = 1.4454. 


3) laste tat : _ 89.1 — 87,2 _ 1.4454 — 0.1326 _ 
Using Fig. 186a notation, x, = orgie 1.8456 = 0.7118. 


v, = 0.0161 + 0.7133 & 333.6 = 237.29 cu ft/lb. Ans. 
Similarly xz = 0.292 and vg = 97.48 cu ft/lb. Ans. 

Va = v¢,1 = 0.0201 cu ft/lb. Ans. 

Up = 9,1 = 0.7698 cu ft/lb. Ans. 


(a) Cycle efficiency = = 40.7%. Ans. 
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mixture. With the valves still closed and for the instant the piston 
stationary at the end of the stroke, a spark passes in the combus 
chamber igniting and (ideally) instantly burning the compressed mixti 
in the compression space. The rise in pressure for this constant volun 
combustion is shown by the vertical line bc on the PV diagram, Fig. 1 
The piston then moves away from the cylinder head on the third 
power stroke with both valves closed. The gases are still hot du 
expansion, but there is no passage of heat to the cylinder wall. 
gradual drop in pressure during this adiabatic expansion is shown by 
line cd on Fig. 187a. The exhaust valve opens ideally on the dead ce 


o 





S 


Fig. 187b. TS Diagram 
for the Otto Cycle. 


Fie. 187a. 


PV Diagram for 
Otto Cycle. 


(at the end of the stroke), the gases escape and the pressure drop 
stantly to atmospheric. The piston then returns on the exhaust 
shoving out the remainder of the exhaust gases with the pressure re 
ing atmospheric as shown by the line ae on the PV diagram. Noh 
supposed to pass between the gases and the cylinder walls on any of 
four strokes. 

The T'S diagram, Fig. 1876, shows the constant entropy or isent 
rise in temperature during the reversible adiabatic compression 
On the same diagram, the inclined curve bc shows the instantu 
rise in temperature during combustion at constant volume. ‘The 
tropic expansion during the power stroke is shown by the line ed on 
diagram. ] 

To simplify the analysis, it is commonly assumed that the wor 
medium does not change its composition during the cycle, that it al 
remains in the cylinder, that at the inner dead center heat is 
through the cylinder walls at constant volume and that, at the other 
of the stroke, heat is abstracted also at constant volume. ‘The @ 
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sion stroke and the power stroke are both isentropic. No valves are 
needed in this purely ideal operation. There is no line ea or ae. 

This cycle, called the air standard, consists of an adiabatic (and 
isentropic) compression, constant volume heat addition, isentropic 
expansion and, finally, constant volume heat rejection. The air standard 
cycle is, then, completed in two strokes. 

The area inside the Pv cycle diagram, a, b, c, d, represents net. work 
done by the gas during the complete cycle. The area inside the 7's dia- 
gram, a, b, c, d, represents heat received less heat rejected, or heat turned 
into work. 

During the pressure rise, bc, the heat received is: 


Qi = Mc,(T. — Ts). (9) 
During the pressure drop, da, the heat rejected is: 
Q2 = Mec,(Ta — T.). (10) 
The net work for any cycle is heat received less heat rejected, 
W = Me,(T., — Ts) — Me(Ta — T.). (11) 


The net work of the cycle is also the difference of the work done by the 
gas during the adiabatic expansion, cd, and the work done on the gas 
during the adiabatic compression, ab. 

Because the work done by a gas in expanding adiabatically, expressed 
in heat units, equals its loss of sensible heat, the work, cd, 


Wa = Me,(T. = Lig): (12) 
Wa = Me,(T, — T). (13) 


‘The expression for net work, eq 12 minus 13, is found to be the same as 
(hat already given in eq 11. 

301. Otto Cycle, Expressions for Efficiency.—(a) Air Standard.—The 
efficiency of a cycle is, by definition, work done divided by heat received, 
or: 


Similarly: 


Ta 2 


e(T. — Tr) — o(Ta — Ta) Be Pr a ie 
T.—T 


e(T. — Tr) 
The volumes at the beginning and end of the adiabatic changes, ab 


und ed are the same, therefore, by the equation for the adiabatic process 
in terms of V and 7: 


mo (ti) = (9) = Cr 
he , Nes ay 


Eff = 1 





(14) 


(15) 
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Therefore, 
Ta _ Ta _ Ta-To 
i dil Ie ya! a 
and 
Lo 
Eff = 1—- Tr,’ 
or, by eq 15: 
Vi \F P ar 
mf FN ae Ag at a eee 
Ef =1- (7) =1-y=1 (3) 


where r = V./Vz is the ratio of compression. In the Otto Cycle, 
ratio of compression equals the ratio of expansion, V/V. 

(b) Otto Cycle with Steady Flow Conditions.—Actually, at rele 
the products of combustion escape from the cylinder at high vel 
in a free expansion, when the exhaust port opens at the end of the po 
stroke. They remove from the cylinder the internal energy Uz at 
point d unutilized. In addition, the piston does the work P.(V_ — 
on these gases in pushing them out against atmospheric pressure du 
the exhaust stroke. During the suction stroke, the fresh mixture, p 
in by atmospheric pressure, brings in the internal energy U. and also 
bound chemical energy which, when released by the passage of the sp 
is responsible for the increase of internal energy U. — U, that raises 
temperature of the gases from 7, to J’, at constant volume. This f 
mixture also does the same work on the piston, Pa(Va — V.) that 
piston does on the spent gases in pushing them out. ‘Then, the en 
coming in during the cycle must be equal to the energy converted 
work plus the energy removed with the burnt products, or 


Us + (Ue — Us) + Pa(Va — V.) = W+ Ua t+ Pa(Va — Ve). 


Therefore: 










W = (U. — Us) — (Ua — Ua) 


which is the exact equivalent of eq 11, the corresponding expression 
the work of the Otto cycle with non-flow operation. The expression 


efficiency: ~ is : 
‘ =, Ws 2 ea 
~ Qi U. — Us 


is exactly equivalent to eq 14, except that constant specific heat is 
assumed, 


Eff 1 
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In the two-stroke cycle to be discussed later the ideal efficiency is 
identical. Mechanically there is a difference. The two-cycle engine 
luses a separate compressor to force in the fresh charge and to expel, as 
completely as possible, the products of combustion, whereas the four- 
cycle engine uses the power piston to do this work. 

(c) Variation of Efficiency of the Otto Cycle with Compression Ratio, r. 

Eq 18, based on constant specific heat, shows the efficiency of the cycle 
(lependent on r only. The thermal efficiency increases with r, even with 
variable specific heat. Eq 17 shows the efficiency dependent on the 
temperature ratio during compression, which determines 7. Unfortu- 
nately high compression temperature and high r bring on detonation. 
Iuels that resist the detonation tendency may be used with higher r 
und higher thermal efficiency of engine. This is discussed in a later 
chapter. However, with the Otto Cycle designers use the highest r that 
gives good operation. 

302. Diesel Cycle.—Figure 188a and 188b are PV and T'S diagrams 
usually used in describing this cycle. This is the same as the Otto cycle, 
except that heat is supplied at constant pressure instead of at constant 
volume 


aan 


V 


Fic. 188a. PV Diagram of 
the Diesel Cycle. 


Fria. 188b. 7S Diagram 
of the Diesel Cycle. 


lor non-flow operation, the expression for efficiency is: 


—— Catt OO w T. . 
K(f. — T:) 


_ Q1— ® 
Eff = 0; 


This assumes constant specific heat, no friction, adiabatic compression 
wnd expansion. 

‘he modern Diesel engine much more closely approximates the cycle 
shown in Fig. 219, Chap. 20 and in Fig. 189 of this chapter. For the same 
wompression ratio, (V_ + Vz), this cycle has a higher efficiency than that 
uf Vig. 188, commonly termed the Diesel Cycle or the Constant Combus- 
lion Pressure Cycle. The latter is a more descriptive term. In sub- 
slantially all High Compression Oil Engines, usually called Diesel 


1 (22) 
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Engines, the first part of combustion occurs with very little ine 
in volume, but with rapidly rising pressure and temperature. 

To demonstrate the higher efficiency of this cycle, the constant p 
sure combustion line bc’ shown dotted is drawn in to duplicate the ¢ 
stant pressure combustion line of Fig. 188), the two cycles with the 
compression ratio are then easily compared as abc’e for so-called Di 


C, D 





va 


Fic. 189a. PV Diagram for 
the Combination Cycle. 


Fic. 189b. 7S Diagram for 
the Combination Cycle. 


cycle and abcde for the combination cycle which more closely app 
mates the true Diesel operation. The combination cycle has more 
received with the same amount of heat rejected and is therefore 
efficient. However, it has higher maximum temperature and ma 
pressure which is a disadvantage in construction and operation, but 
actual Diesel has this disadvantage. 

Using the same graphical means of comparison it will be at 
evident that, for the same compression ratio, the Otto cycle has a 
efficiency than either. 


303. Examples in Otto Cycle.— 


Exampte 4,—An Otto cycle using air, with constant volume addition of heat 
constant specific heat assumed), operates with compression ratio of 8. Heat: is sul 
to the working medium in the cylinder at the rate of 900 Btu per lb per cycle. 
beginning of compression (point a of Fig. 187), the temperature is 540° R and the p 
is 14.7 psi. The specific heat at constant pressure is taken at 0.24 Btu per lb per 
The ratio of specific heats, k, is taken as 1.4. Find: (a) the cycle efficiency, in per 
(b) the temperature at key points throughout the cycle, deg R, (c) the pressures # 
points, Pai, a ad increase of entropy during combustion, (e) the mean effective 
in psi. = 1. 


Solution.— 
1 1 1 1 
= 1 — 0.4353 = 0.565, or 56.5%. Ans. 
Lt Va\rr 7 ° 
(b) mi Ae, = 84 = 2.207, .. Ty = 540 X 2.297 = 1240.6°R. Ana, 
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900 : 

Ti, == Pecan es = 9a 2 1G = 5250°F, . To = 1241 + 5250°R = 6491°R. Ans. 
Ta = T, +7 = 6491 + 2.297 = 2825°R. Ans. 


k 
(0) B= (=) = ri4 = 18.379, .*. py = 14.7 X 18.379 = 270 psi. Ans. 


2 TT. _ 6491 
e = 7 = yoy = 5-282, 7. pe = 270 X 5.232 = 1414 psi. 


Pa = pe + 18.379 = 76.9 psi. Ans. 


(d) 8 — 86 = ow loge! = O28 loge fort 


= 0.1714 X log. 5.232 = 0.28364 Btu/Ib/deg. Ans. 


(() % = [44p, = 744 x 14.7 = 13.608 cu ft per lb. 


vp = % + 8 = 1.701 cu ft per bb. 


> q X 778 X eff : 
Pn “Tene 

Exampie 5.—Data of Ex. 4, with variable specific heat. Otto Cycle with air as 
working medium. Compression ratio 8. Heat supplied 900 Btu per lb per cycle. 
Keferring to Fig. 187, at beginning of compression, 7's = 540° R, pa = 14.7 psi. Using 
l'wble, Find: (a) cycle efficiency; (b) temperatures at a, b, c, d, deg R; (c) pressures at 
u,b, c, d, psi; (d) inerease of entropy during combustion; (¢) pn in psi. 


Sa= 
0.14244 






Fie. 190. 7S Diagram for Otto Cycle, Variable 
Specific Heat. 


Solution.—The compression is isentropic, therefore 0) i 
S 5 eee p pic, e entropy change is zero, and by 


ip 
Ome — ee = [alee + Corde = ff oo Ge bO + oF tog, = 0. 
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tive pressure is also unfavorable because larger dimensions of engine are 
required for same output of work and power. 


304. Examples in Diesel Cycle.— 





Because the compression ratio, va/vy = 8, B/778 log. 8 = 0.0685 X 2.07944 = 0.1 

the entropy change during an isothermal compression to one-eighth of initial volu 
—0.14244 Btu/deg lb, therefore the tabular value of s, at end of constant volume 
pression is: 

| So = Sa + 0.14244 = 0.02751 + 0.14244 = 0.16995. 


Looking into the s, column of Air Properties, the corresponding temperati 
’ found to be 1209.8° R. This compares with 1240° R computed on the basis of co 
specific heat. 
Referring to the U column of the table for that temperature, U; is found to be 101 
Btu/lb. Adding the 900 Btu increase|by combustion, U, = 1001.16 and from T: 
again, 7’, = 5246.6° R. 
For the isentropic expansion ratio of 8, the sr increase is again 0.14244. Subtrai 
this from 0.48771 (the s, at 5246.6° R) the remainder, 0.34527, is s, at 2841.5° R, 7; 
the end of expansion, and Ug = 440.4 Btu/lb. 


Exampte 6.—Diesel Cycle, constant pressure combustion, compression ratio 16, 
medium air, specific heat constant. At beginning of compression, pa 14.7 psi, Ta 
'40°R. Heat added 900 Btu/lb. Find: (a) temperatures at a, b, c, d; (b) pressures 
il same points ; (c) work of cycle, Btu/lb; (d) cycle efficiency ; (e) mean effective pressure. 
¢», 0.240; c,, 0.1714. M =1. See Fig. 188. ‘ 


Solution.— 


k-1 
(«) By eq 26, Chap. 17, 7° = (2) = 16°4 = 3.0314. 7, =1687°R. Ans. 








(a) The heat rejected, Ua — Ua = 440.43 — (— 17.79) = 458.22 Btu/Ib. - 900 
The work of the cycle, w = g: — qo = 900 — 458.3 = 441.7 Btu/Ib. TW" Go nn ane oie ee 
‘ _ w_ 441.7 _ ve _ Te _ 5387 _ Use| rp LO crue 
The efficiency = i 49.1%. Ans. 7 T1687 = 3.298. >, = 3.208 = 4.8621. 
a BT - 53.387 a 0.37T. << 0.37 540 _ Ts va \o4 5387 . 
| (c) t = oes ae ae 13.6 cu ft/lb. (2) = 4,862194 = 1.8825. T2= 7.8805 = 2861.7°R. Ans. 
os Yo _ ae = 1.7 cu ft/lb. (b) po = Da X 1614 = 14.7 X 48.5 = 713 psi. Ans. pc = 713 psi. Ans. 
r 
pa Tq __ 2861.7 . 
- =7- = —— = 5.30. = 14.7 X 5.8 = 77.9 psi. Ans. 
py = 0.37 m = O87 ute = 263 psi. Do. dea 9040 -“ x ey 
(ec) Work of cycle. go = 0.1714 X (2861.7 — 540) = 397.95 Btu/Ib. 
je Nien pe ee = wy = 900 — 398 = 502 Btu/lb. Ans. 
1.7 13.6 FE " 502 
(d) Cycle Efficiency = —~ = 55.8%. Ans. 
(d) 8 — 8» = 0.48771 — 0.16995 = 0.31776, or 900 oy ahs oe 
P Da Wo = ai ; 
8 — 8 = 0.384527 — 0.02751 = 0.31766 = Sa — Sa. \e) Mean Effective Pressure = (e — 1%) X 144 = 13.6 — 0.85 = 0.85 = 213 psi. Ans. 


Only one column of s, versus 7’ is available for the two constant volume pro: 


heat receipt and heat rejection, so the datums of the two are shifted the am iixaMPLE 7,—Same data as Ex. 6, except that heat received is 450 Btu/Ib. 


eS 





sr = 0.14244. re Pe aE : Solution.— 
x we _ x 1h Pees . 
| (¢) mep. = Pn = F777, — »,) ~ 144188 — 1.7) = 2 PS Ane. (a) T, = 540° R, Ts = 1637° R, T. = 1637 + =” = 3512°R. Ans. 
CoMPARISON oF IDEAL PERFORMANCE, Orro CyctE—Constant & VARIABLE SP, v, = 2.1454V,. vg = sist Ve = 7.4580, 





Temperature, deg R. Pressure, psi Effi- T, = 7.4584 Ta = 2.23472. Therefore Tz = a = 1572°R. Ans. 
_—_________________|________________| ciency ; 
. Point in Cycle a b o d a b c d % (b) pa = 14.7, pp = 718 psi, pe = 718 psi, pa = 42.8 psi. Ans. 


Constant Sp Ht | 540 | 1241 | 6491 | 2825 | 14.7 | 270| 1414] 77] 56.5 
Variable Sp Ht | 540 | 1210 | 5247 | 2842 | 14.7 | 263] 1142) 77| 49.1 





(e) qo = 0.1714(1572 — 540) = 176.9 Btu/lb. Ans. 
wy = 450 — 176.9 = 273.1 Btu/lb. Ans. 


273.1 





(1) Cycle Efficiency = 750 7 60.7%. Ans. 
The increase of specific heat with temperature evidently has Mfooti 273.1 x 5.4 ‘ 
si 13) eat w emp Mg (*) Mean Effective Pressure = “ae 116 psi. Ans. 


favorable effect on the thermal efficiency. The reduction in mean 
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This is a striking increase of efficiency with a 50% reduction in 
heat supply. It is often advanced as a great advantage of the Di 
cycle. The reason for the increase of efficiency as the amount of h 
supplied is reduced is because all of the heat supply is at increasing vol 
and therefore with decreasing expansion ratio, and decreasing efficienc 
At partial load, there is not so much of the wasteful increase in volu 
during heat receipt. Were all of the heat supplied while the volu 
remained at clearance volume, the ideal efficiency would be, 


pr . Te— Te _ 1637 — 540 


cg 1637. «87%. 


Exampie 8,—Diesel Cycle with only constant pressure combustion. Medium is 
Compression ratio 16. Heat added, all at constant pressure, 900 Btu per |b air. 
beginning of compression, pressure 14.7 psi, temperature 540° R. Variable specific h 
Find: (a) temperatures at a, b, c, d; (b) pressures at the same points; (c) work of ey 
Btu/Ib; (d) eyele efficiency; (e) mean effective pressure. 


Solution.— 
(a) During isentropic compression from a to 6, 
B Ye _ + 
846 — 84a = pag log. = 0.0685 log. 16 = 0.18993. 
From Table, 


%,a = 0.02751. Therefore s,,5 = 0.02751 + 0.18893 = 0.21744. 
For this s,, 7, = 1549.5° R, hy = 272.64. Adding q: to this: 


he = 272.64 + 900 = 1172.64. With this h, 7. = 4634.9. Ans. 8,¢ = 0.458 
ve _ Te _ 4634.9 _ uw 16 
Then, % = T, = 1549.5 = 2.991, and ve = 2.991 = 5,350. 


Then 8, ¢ — 8,¢ = 0.0685 log. 5.35 = 2.3 X 0.0685 logio 5.35 = 0.11488 
and s),4 = 0.45810 — 0.11488 = 0.34322, and Tz = 2816.4°R. Ans. 


@) B= aie = Be X 16 = 45.6, and ps = 14.7 x 45.6 = 671 psi. Ans, 
De £ = ae = 5.21, and pg = 14.7 X 5.21 = 76.7 psi. Ans. 
(c) Heat rejected = qo = ua — Ua = 434.91 — (— 17.79) = 452.70 Btu/Ib. 
Wo = qi — Yo = 900 — 452.70 = 447.30 Btu/Ib. Ans. 
(@ Cycle Efficieney = “2 = 4730 _ 49.77, Ans, 
447.3 X 778 


(e) Mean Effective Pressure = = 189.3 psi. Ans. 


13.6 X 15/16 X 144 
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A comparison of the performance with the specific heat constant and 


with variable specific heat is shown below. ‘The figures were obtained 
from the computations of Examples 6 and 8, both for Ideal Diesel Cycle 
with compression ratio 16, combustion at constant pressure, 900 Btu/Ib 
ir and initial conditions at the beginning of compression, 14.7 psi and 











h40° R. 
Diese, CycuE—ConsTaANT VERSUS VARIABLE Speciric Hear 
Effi- me 
Item Pressures Temperatures ciency p 
Point a b Cul Guluia b c d % psi 
Constant Sp Ht | 14.7 | 713 | 713 | 78 | 540 | 1637 | 5387 | 2862 | 55.8 213 
Variable Sp Ht 14.7 | 671 | 671 | 77 | 540 | 1550 | 4635 | 2816 | 49.7 189 





These figures are for ideal performance without friction or heat losses 
0 walls. Comparing performance with that of the Otto cycle with the 
same heat received per lb, and with compression ratio of only 8, instead of 
\( for the Diesel cycle, it will be noticed that the efficiencies and the 
incan effective pressures for the two cycles are almost the same. Actual 
performance figures agree with this comparison. At light loads, that is 
with less heat received, the Diesel engine with compression ratio of 16 
iy somewhat superior to the Otto with compression ratio of 8. This is for 
host performance and reasonably complete combustion. 

305. Examples in the Modern Diesel Cycle.—This has been briefly 
lescribed in Sect. 302, and the PV and 7'S diagrams shown in Fig. 189. 
In the examples given, half of all the heat is supplied during combustion 
( constant pressure and half during combustion at constant volume, but 
only a little more than 3% of the stroke is completed at the end of 
vombustion. 


lxaMPLE 9.—Modified Diesel Cycle.—The compression ratio is 15. 300 Btu is 
supplied during combustion at constant volume and an equal amount during combustion 
( constant pressure. Variable specific heat is assumed and the Air Properties Table 
will be used in the solution. At the beginning of compression, the pressure is 13.5 psi 
snd the temperature 620° R. The reference lettering will use ab for isentropic compres- 
sion, be for combustion at constant volume, cd for combustion at constant pressure, 
We for isentropic expansion and ea for heat rejection at constant volume. Find: (a) 
),», and T at the five critical points; (6) q1, Yo, and wo for the cycle; (c) thermal efficiency 
per cent and the mean effective pressure for the cycle in psi. 
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(a) 


(0) 


(c) 


Solution.— 
_ BT, _ 53.33 X 620 _ : 
“ve laces 


Ve = Va, and v, = vy = iz = 1.13393 ft/lb. 


By eq 44b, Chap. 17, As, = 0.15784 Logie” = 0.15784 logio 15 = 0.18563. 
Dey 





And _ s8,,» = 0.05120 + 0.18563 = 0.23683. The corresponding values in the 
column of the Air Table give the temperature 7, = 1707.5° R. Then, by 
equation of a gas, 

_ 0.370385 K Ty _ 0.87 & 1707.5 

a 4a Key C:C«COS 


In the Air Table, for the temperature 7’, = 1707.5, uw, = 198.01. 


Ue = Us + 300 = 498.01 Btu/lb. For this value of u,, values for 7’, = 3097.7 
h. = 710.28, sp,- = 0.49536 are found in the Air Table. 7 


Adding to h., the 300 Btu received at constant pressure, hi = 1010.28 Btu/Ib. 
find this in the enthalpy column of the Air Table opposite Ta = 4101, 
Going back, we find by the equation of a gas: 





= 557.7 psi. 


SS ee 1011.17 psi = pa. Then: 
vg = 2ST es = 1.5014 ft?/lb. We also have, for the temperature 


point d in the Air Table, for use in the isentropic process de that fo 
8,4 = 0.42927, and again by the equation 44b, Chap. 17, for the isentropie 


1.5014 


17.009 = 0.15784 X (—1.05418) 





As» = 0.15784 logio (%) = 0.15784 logis 
= — 0.16639. 
Then 8»,¢ = 0.42927 — 0.16639 = 0.26288. Air Table then gives 7. = 1939° 


0.37035 < 1939 _ : . 1 
77-909 = 42-22 psi, and wv. = 245.45 B 


and 8», ¢ — 8,4 = 0.26288 — 0.05120 = 0.21168. 


Also sa — 8) = 8v,¢ — Sx, + (Spa — Sp,c) = 0.36427 — 0.23683 
+ (0.57920 — 0.49536) = 0.21168, check. 


q1 = 300 + 300 = 600 Btu/Ib. 
qo = Ue — Ue = 245.45 — (—4.07) = 249.52 Btu/Ib. 
w = q1 — = 600 — 249.5 = 350.5 Btu/Ib. 


Gas Equation then gives p. = 


mep = UX 778_ _ 350.5 X 54 _ sig 9 og 
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Exampte 10.—The same as No. 9, except that the specific heat is constant. The 
(detailed answers will be given, but the solution will be left as a problem. 


Pressures Temperatures 


a b c d e|a b c d e 


Ix. 9, Variable Specific | 13.5 | 558 | 1011 | 1011 | 42 | 620 |.1707 | 3098 | 4102 | 1939 
Heat 











lx. 10, Constant Specific | 13.5 | 598 | 1170 | 1170 | 40 | 620 | 1832 | 3582 | 4832 | 1844 
Heat 











Mean Volumes Entropies Efi- 
ce Heat | Work | ciency 
Pra Lost |Done| Per 
Aes be | d | ae jab) «c de Cent 














119.1 Ex. 9, Variable | 1.13 | 1.50 | 17.0 | 0 |0.12784/0.21168) 250 | 350 | 58.4 
Specific Heat 


132.8 | Ex. 10, Con- 
stant Specific 
Heat 














1.13 | 1.53 | 17.0 | 0 |0.11483/0.18658} 210 | 390 | 65.0 




















306. Problems.— 


Unless otherwise stated, pressures are absolute. Constant specific heat. 
(a) Carnot Cycle. 


1. A 500 horsepower engine working on the Carnot cycle delivers 30,000 Btu per 
nin to the cold body at 60° F. 

(a) Find efficiency. (41.5%) 

(b) Find temperature of the hot body. (890° R) 

2. Six thousand Btu per minute are removed from the hot body by an ideal engine 
working on the Carnot cycle. The temperature drop is 1000°. The efficiency is 40 
per cent. 

(a) Find horsepower. (56.7) 

(b) Find heat delivered to cold body in Btu per minute. (3600) 

(c) Find absolute temperatures of hot body and cold body. (2500, 1500) 

3. One-fourth pound of air is operated on the Carnot cycle with 15 Btu per cycle 
rejected to cold body and 20,000 ft-lb of work done per cycle. Vy + Va = 4. 

(a) Find heat absorbed from hot body per cycle, Btu. (40.7) 

(b) Find 7, T2, and efficiency, %. (714, 631, 63.1) 

4, One-half pound of air is operated on the Carnot cycle, the maximum volume 
pong 12 cu ft and the minimum volume being 2 cu ft. If the efficiency is 25 per cent, 
find: 

( a) Proved and adiabatic expansion ratios if the work per cycle is 27,000 ft-lb. 
(2.923, 2.05 

(b) Find 7, and T:. (3770, 2825) 

(c) Find pressures at the critical points. (349, 119, 44, 128) 

5. Five cubic feet of air at 80 psi pressure is isothermally expanded with absorption 
of 120 Btu, Thereafter the air continues on the Carnot cycle, the maximum volume 
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being 60 cu ft and the minimum temperature 200° F. Find work per cycle, efficien: 
T, and heat rejected per cycle. (26,900 ft lb, 28.8%, 1929, 85.6 Btu) 

6. Construct to scale a PV and T'S diagram of cycle described in 5. 

7. Do the same for 4. 

8. Operating on the reversed Carnot cycle an engine delivers 80 Btu per 
to the hot body with the expenditure of 15,000 ft-lb per cycle. 71 = 3000° R. 
working medium is three-fourths of a pound of air, the minimum pressure is 10 

rie minimum temperature, and entropy at some point of cycle. (2278° 
— 0. 

(6b) Draw PV and 7'S diagrams for cycle. i 

9. Operating on the reversed Carnot cycle an engine withdraws 50,000 Btu 
hour from a room at minus 20° F and delivers it at 60°F. Find horsepower to 
and quantity of heat delivered per hour. (8.57 hp, 59,095 Btu) 

10. In zero weather a house loses 300,000 Btu per 24 hr through the outer w: 

(a) If the house is kept at 70° F, find the horsepower of an engine operating on 
leisy is cycle that would deliver sufficient heat at 70° F to make up the 
loss. (0.65 

(b) Assuming the engine is double acting and operates at 600 rpm, using air, 
the cylinder volume required, if the minimum pressure is atmospheric, and the 
ratio of expansion is 6. (0.0294 ft®) 


J (b) Otto Cycle. Medium is Air Unless Otherwise Stated. 


11. An ideal engine using air operates on the Otto cycle. The pressure 
combustion is 150 lb psi and after combustion it is 400 psi. The temperature at, 
ning of compression is 100° F and the pressure 14 psi. 

(a) Find the ratio of expansion. (5.44) 

(b) Find temperature at end of combustion. (2940° R) 

(c) Find the efficiency. (49.2%) 

(d) Find the mean effective pressure. (69.3 psi) 

12. An ideal engine operates on the Otto cycle with clearance 15 per cent of 
piston displacement, initial pressure 14.7 psi, initial temperature 100° F, and tem 
ture at end of expansion 1400° F. Calculate pressure, volume, temperature, and 
of entropy per lb air for all critical points of the cycle. 

~ 18. If pressure at beginning of compression is 14 psi, find out how much effie 
a ron cycle is increased by raising compression pressure from 80 psig to 180 

10.8% 

’ 14. The pressure at the beginning of compression is 14 psi. and the tempera 
the beginning of compression is 150° F. This applies to an Otto cycle and also 
Diesel cycle. In the Otto cycle the compression is 150 psi and the maximum pi 
is 450 psi. In the Diesel cycle the compression is 500 psi and the volume at, 
ning of adiabatic expansion is twice the clearance volume. 

(a) Compare the maximum temperatures in the two cases. (3600° R, 3386° It) 

(b) Compare the efficiencies. (49.1, 59.8) 

(c) Compare the mean effective pressures, psi. (83.3, 88.7) 

15, Draw pressure-volume and temperature-entropy diagrams for the Otto cycle 


a volume ratio of six and a pressure ratio of three. ‘Pressure-ratio” is P, Vig. 1 
Plot critical points to scale. 


(c) Miscellaneous. 3 


16. In a Diesel cycle, the compression pressure is 500 psi, initial pressure is 14 
Show how the efficiency is affected by a variation of the volume at beginning of 
pansion from 1} to 2, to 24, to 3 times the clearance volume. , 

17. For each of the cases in 16 draw 7'S diagram and compare Diesel and 
cycles with same maximum and minimum temperatures. 

18. Draw PV and T'S diagrams of the following cycle. Isothermal comp 
constant volume addition of heat, isothermal expansion, constant volume 
of heat till initial state is reached. 
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19. Draw PV and T'S diagrams of following cycle. Adiabatic compression, constant 
volume addition of heat, constant pressure addition of heat, adiabatic expansion to 
initial pressure, constant pressure rejection of heat to initial volume. 

20. The pressure is 14 psi and the temperature 150° F at beginning of compression. 
The pressure is 140 psi; the temperature is 450° F at end of compression. The tem- 
perature rises to 3000° F at end of stroke. At the end of the expansion stroke the tem- 
perature has dropped to 1600°F. Assume PV” = C during compression and expansion. 

(a) Find value of n for compression and expansion. (1.21, 1.275) 

(b) Calculate mean effective pressure for cycle. (98.3 psi) 





CHAPTER XIX 
THE INTERNAL COMBUSTION ENGINE 
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307. General Features and Field.—Both steam engine and gas engin 
or oil engine power plants are able to supply power because fuel-air mii 
tures release chemical energy by transforming it to heat energy on con 
bustion. The carbon-hydrogen-oxygen compounds present before cot 
bustion contain more energy at a given temperature than do the oxid 
formed by combustion. The difference, or energy released by comb 
tion, raises the temperature of the products to a much higher level th 
that of the mixture before combustion. 
Energy at high temperature, used in a reversible engine, with rejecti¢ 
of unavailable energy as heat at a low temperature, makes useful wo 
in amount proportional to the ratio of the difference of the two temper 
tures divided by the higher absolute temperature. 
In the steam power plant, combustion occurs at about atmosphor 
pressure and at about 2500° F in the furnace of a steam boiler. ‘T] 
products of combustion transmit heat to steam, by radiation or cond: 
tion, while a temperature difference up to 1500° F exists between 1) 
two media. This vapor, saturated or superheated, is conveyed to 
steam engine or turbine where the conversion from heat to work, 
strictly thermodynamic process, occurs. 
In the internal combustion engine, combustion occurs in the combi 
tion chamber of an engine and at high pressure. The products of c¢ 
bustion then form the working medium, which contains the same 
ments as the combustible mixture, but in the form of different compound 
Receipt of internal energy takes place from the medium itself at 
maximum possible temperature. There is none of the drop in tem 
ture in transmitting heat from one medium to another at a much low 
temperature such as is associated with the great waste of available ena 
in the boiler of the steam power plant. 
During the outward motion of the piston of the internal combust 
engine, the products of combustion expand and do work on it while 
drop in temperature and pressure. The relatively cool products of ¢ 
bustion are then discharged to the atmosphere. While the burned 
410 
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are being cooled to atmospheric temperature the air absorbs the unused 
part of the original energy set free. 

In the internal combustion engine, the maximum temperature of the 
working medium may be 5000° F or even more, whereas the maximum 
steam temperature feasible at present is about 1000° F. The steam power 
plant has suffered its great loss of available energy in the steam boiler. 
The internal combustion engine suffers its greatest waste, or loss of 
available energy in the exhaust gases which may leave the cylinder at 
from 2000° F to 3000°F. The temperature of these gases drops so 
rapidly that it is not feasible to utilize any of this energy by further ex- 
pansion in another cylinder. The exhaust heat of large internal combus- 
tion engines is often used to heat water, raise steam, or for other industrial 
uses. The exhaust loss of steam engines and turbines is also large, 
though the temperature is low. It is being increasingly utilized in 
heaters. 

On the whole, the internal combustion engine develops much higher 
efficiency in small plants, considerably higher efficiency in large plants. 

The steam power plant requires furnace, boiler, engine, condenser and 
much auxiliary equipment. The internal combustion is a relatively 
simple mechanism. The internal combustion engine is a lighter and 
more portable power unit and has displaced steam almost completely 
in transportation. In this field the exceptions are the locomotive where 
the Diesel engine is coming in quite rapidly and in the very large marine 
power plant. Even here the trend is away from steam. 

The great advantage of the steam power plant lies in the ability of 
its furnace to burn cheaper raw fuel. Because the fuel of the internal 
combustion engine comes into contact with the bearing surfaces of piston 
and cylinder, a refined fuel free of dirt is required. This is more expensive 
per 1000 Btu than coal. Therefore, large stationary power plants are 
almost always steam driven. 

The present field of the internal combustion engine includes: (1) 
(he power plants of motor cars, motor buses, motor trucks, rail cars, 
switching engines, portable machinery and other agricultural machinery, 
(2) stationary power plants where fuel oil is cheap or where natural 
gas or where manufactured gas is available at a low price, and power 
plants located in regions where water is not available in large quantities, 
(3) airplanes and air ships of all kinds, (4) marine vessels of all kinds ex- 
cept highest speed transoceanic liners, (5) many good-sized main line 
locomotives and just coming out of the experimental stage, gas turbine 
driven locomotives. In total power capacity, in money invested and in 
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men employed in industry, the internal combustion engine is far more 
important than the steam power plant, its closest rival. 
308. Comparison with Steam.—As the boiler always delivers steam 
under high pressure, no pumping strokes are required and the steam en- 
gine is readily operated on a two-stroke cycle, or as a “two-cycle” ma- 
chine. The end of the exhaust (and compression) stroke and the first 
part of the power stroke is used for the admission of steam under pressure, 
Admission is terminated by the closure of the admission port. During 
the remainder of the stroke the steam expands. For heavy loads the 
steam engine has a smaller ratio of expansion than when fully loaded, 
The resulting loss in economy is partly balanced by the reduction i 
cylinder condensation. The exhaust port is opened at the end of the 
power stroke. During the return or exhaust stroke, the steam is expelled 
at atmospheric or at condenser pressure. The steam engine is able to 
start under load. This ability is also shared by the steam turbine, but 
the large turbine requires a long period to warm up. 
309. Older 2-Cycle Internal Combustion Engines.—The Lenoir g 
engine of about 1860 operated on the 2-cycle principle. That is, all 
processes of the complete cycle were completed in two successive strokes 
of the engine piston. The operation 0 

Cc this engine may be followed by reference 

to the ideal card, Fig. 191. Ordina 

represent pressure in the cylinder 4 

abscissae volumes, with A and E the de 

| centers. The height of the atmospheri 

line ABE above the zero pressure lin 
measures atmospheric pressure. With 
piston sweeping through the volume A 
from head dead center, atmospheric pre 
sure forces in a combustible mixture of fu 
gas and air through the open inlet port in 
the cylinder. At B the inlet port closes and a spark is passed. The cha 
burns instantaneously and the pressure rises along BC at constant volum 
The continued movement of the piston permits the burnt gas to expati 
adiabatically and reversibly, dropping in pressure as indicated by the lit 
CD. At D, with the pressure still above atmospheric, the exhaust port 
opened to the air and the pressure in the cylinder drops instantaneou 
to atmospheric. During the return stroke HA which now begins, th 
remainder of the burnt gas, excepting a small amount of clearance fi, 
forced out of the cylinder at atmospheric pressure through the open 


~ 
D 
A —> 
E 


_— 





Fie. 191. Ideal Lenoir Cycle 
Card. 
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haust valve. Even the ideal card, just described, shows a low mean 
effective pressure and, as actually operated, the motion of the piston 
during the actual time of the pressure rise results in a sloping line for the 
pressure rise BC. Due to the small amount of mixture admitted the 
power of this engine was very little. The absence of compression was 
also against high cyclic efficiency 

In the vertical Otto and Langen atmospheric engine brought out a 
little later, and whose cycle PV diagram is shown in Fig. 192, admission of 
the combustible mixture AB was also at atmospheric pressure during a 
small upward motion of the piston, but C 
oceurred more slowly so that the piston 
was practically at rest at B, the piston 
being disconnected from the engine shaft 
at this point in the cycle. The weight of 
the piston may cause some compression 
at B. A flame then ignited the charge 
which had been drawn in during the small 
cam-operated motion of the piston, AB. 
‘The explosion with the resulting pressure 
rise BC which followed occured with the 
valve closed and with the piston still dis- 
connected from the shaft and free to rise in the cylinder as a projectile 
movesinagun. Therefore the expansion CD occurred so rapidly that it 
was close to the ideal adiabatic. The upward motion of the piston was 
stopped by gravity and atmospheric pressure after a very long upward 
movement or stroke at the end of which at D the pressure in the cylinder 
had fallen considerably below atmospheric. The piston then started down 
impelled by gravity and atmospheric pressure, being automatically con- 
nected to the shaft on the down stroke by a one-way clutch similar in prin- 
ciple to the well-known free wheeling clutch. During the comparatively 
slow part of the return stroke DE, the compression was nearly isothermal. 
\t_ £, when the pressure had again increased to atmospheric, the exhaust 
was opened and the piston pushed out the burnt gas from E to A. This 
engine had a greater expansion ratio and a much higher gas economy 
(han the Lenoir. 

310. The Modern 2-Cycle Engine.—This engine was developed after 
(he invention of the 4-cycle engine. Whereas in the Lenoir engine and in 
the vertical Otto and Langen atmospheric engine, both of which were of 
(he 2-eyele type, no compression was used, the modern 2-cycle engine 
compresses the charge of fuel and air in the power cylinder, with ignition 


D 





Fie. 192. 


Ideal Atmospheric 
Cycle Card. 
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at the end of the compression stroke. The preliminary compressi¢ 
greatly increases the density of the charge at ignition and also incres 
the average pressure during the power stroke that follows. 
The resulting mean effective pressure and efficiency of the cycle 
greatly increased over that of its predecessors, just described. Where 
in the 4-cycle engine one stroke of the power piston is used to draw in th 
charge of fuel and air and another stroke to expel the charge, in the 2-cy¢ 
engine these functions are performed by a separate pump or compres 
piston or even by a centrifugal blower. 
Figure 193 shows the appearance of an zdeal indicator card from t 
power cylinder of the modern 2-cycle engine. Ordinates measure p 
sure and absissae volume. AB shows tl 

Cc PV relation during the reversible adi 
batic compression with all valves clos 
f Ignition occurs at dead center. If 
combustion is instantaneous and at ¢e 


B stant volume as BC, the cycle or rather | 
SS card is known as the explosion type. A 
D the combustion is complete, the expansi 
= F CD on the second stroke, with all of 
Fic. 193. Ideal Indicator Card Valves still closed, is a reversible adiah 
-——Two-Cycle Engine-Power Cyl- process. At D release occurs and exh 
be Be begins. From D to A the pressure ¢ 


instantaneously to atmospheric and during the remainder of the s 
AF the pressure in the cylinder is atmospheric. In the actual eng) 
exhaust begins at D as the piston overruns ports in the cylinder \ 
leading to the atmosphere, the pressure dropping along the dolled | 
DE to atmospheric. At Z,.ports supplying first air and then mixtu 
a slight pressure above atmospheric are overrun by the piston. 
During the time corresponding to EHF and return, the products 
combustion are expelled at atmospheric pressure and a fresh charge, ¢ 
in volume to about 90% of the piston displacement is forced into 
cylinder. To insure the extremely rapid transfer of the gases requ 
the fresh charge must be compressed to a few pounds per square If 
above atmospheric in a separate compressor. i 
Figure 194a is a diagrammatic section of the power cylinder and pint 
of a 2-cycle engine at the end of the power stroke. The lettering of 
ports is made to correspond with that of Fig. 193. The wider exhaust ji 
DF is shown above and the narrower inlet or charging port //’ below, 
projection PP on the piston deflects the entering air and mixture 
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the head end of the cylinder so that it may circulate as shown by the 
arrows, driving out the burnt gas ahead of it. 

Figure 194b shows the corresponding positions of the engine crank 
for release OD’, beginning of scavenging OH’, and end of exhaust OA. 
In relating points in Fig. 1946 
with those in Fig. 194a, the con- 
necting rod was assumed to be 
so long that the effect of angu- 
larity could be neglected. 

Figure 195a is a PV diagram 
of the ideal cycle for a recipro- 
cating compressor suitable for 
supplying fresh charge at the 
end of the power stroke for a 
2-cycle engine. If the com- 
pressor crank follows the power 
crank by about 45 degrees, the 
need of a receiver between the 
(wo cylinders is avoided. The 
charge is drawn into the com- 
pressor cylinder at about 
itmospherice pressure, as indi- 
cated by 1 2. Compression is 
ulong 28. Discharge into the 
power cylinder begins at 3, near the end of the power stroke, continuing 
{o 4 which corresponds in time with # of Fig. 193 or OE” of Fig. 194. 

Sharan Fig. 195a shows the drop in pres- 
3——> 4 sure—ideally instantaneous—at 
the end of the delivery stroke of 


Exhaust 
D 


aN. 








Fie. 194. 


(a) Ports, (b) Timing, Two-Cycle 
Engine. 


c . 
|  thecompressor. Fig. 1956 shows 
c . wae 
esi a the corresponding positions of 
come ui engine and compressor cranks at 
: - the beginning and at the end of 
years admission. When the com- 
lia. 195a. 2-Cyele Compression Card. pressor crank is at 3 and engine 


crank is at 3’, near dead center, 
charging begins. When the compressor crank is at 4 and engine crank 
in at 4’ charging ends. The volume / 2, Fig. 195a, is very considerably 
greater than the piston displacement of the power cylinder and the pres- 
sure 4 1 is from 2 to 6 pounds per square inch above atmospheric pressure. 
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Very large 2-cycle engines almost always use centrifugal compresso: 
for scavenging and charging. High speed Diesel 2-cycle engines of 
use rotary positive displacement compressors. 





Fia. 195b. Main and Scavenge Crank Motion. 


311. The 4-Cycle Engine.—Beau de Rochas, in a pamphlet publis 
in 1862, first proposed the cycle of internal engine operation now in m 
general use. In this pamphlet, he clearly explained the thermal ady 
tage of: (1) compression before ignition, (2) a large ratio of expansion, 
high speed; and he proposed the cycle to be described in the follo 
paragraphs. This cycle is now commonly known as the 4-cycle, 
number 4 referring to the number of strokes of the engine piston requ 
to complete the cycle 

The engine is usually single-acting with a trunk piston. This t 
piston also acts as a cross-head. It is closed at one end, and is provi 
with a piston-pin at about the center of its length. The piston-pin f 
the journal or pivot on which the small end of the connecting rod 
lates. The engine cylinder is also open at one end and closed at the 
furthest from the shaft by a cylinder-head which contains the inlet 
exhaust valves and the igniter or spark plug. 

In the following description, the letters O, A, B, C, D refer to 
pressure-volume diagram of the complete cycle, Fig. 196. On the 
stroke of the engine piston, OA, away from the cylinder-head, and 
the suction stroke, the inlet valve is open and a charge of fuel and 
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pushed into the cylinder by atmospheric pressure. At the end of this 
stroke, the inlet valve is closed, trapping the charge of fuel and air in the 
cylinder. The piston now reverses its motion, coming back toward the 
cylinder head on the compression stroke AB and the charge is compressed 
into the clearance space at the closed end 

of the cylinder. As the engine crank pas- C 
ses the dead center, with the piston sta- 
tionary for the instant, the spark passes f 
in the igniter and the combustible charge 


is burned. Ideally, the combustion isin- B ~~ 

stantaneous BC, and for this reason, the 

name explosion cycle is often used. Pe te "ed 
The piston again moves away from the O —- A 


cylinder head on the third stroke, or expan- 
sion stroke, or power stroke CD. At the 
end of the power stroke, with the piston stationary for an instant on the 
crank dead center, the exhaust valve opens and releases the gases which 
escape in the exhaust pipe, the pressure in the cylinder dropping to atmos- 
pheric, as shown by the line DA. On the fourth stroke, following, the 
piston again returns to the cylinder head and the remaining products of 
combustion are driven out of the cylinder, the pressure remaining atmos- 
pheric as shown by the line AO. On the ideal diagram, the lines OA and 
AO show the pressure-volume relation on the suction stroke and the ex- 
haust stroke. These strokes are absent on the PV diagram from the power 
cylinder of the 2-cycle engine, as the fresh mixture enters and the entire 
exhaust process occurs, or the entire transfer of mixture in and exhaust 
out takes place while the piston is almost stationary and near its position 

for crank dead center. 
312. Other I.C.E. Cycles.—The differences are in the combustion 
processes. The cycle of Fig. 197 is the same as that for Fig. 196, except 
that combustion BC occurs at constant 


B Cc pressure instead of at constant volume. 
This was one of the early cycles proposed 
0 R for Diesel engines, but not used because: 


1 the thermal efficiency was very low for 
a given compression ratio; 2 both the 
combustion properties of fuel oil and the 
difficulty of controlling the rate of fuel admission makes it impractical 
to secure combustion at constant pressure. However, custom has re- 
tained the name Diesel Cycle. 


Fic. 196. Ideal Explosion 4-Cycle. 


lta. 197, Constant-Pressure Com- 
bustion Cycle. 
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The cycle of Fig. 198 is the one most closely approached by modern 
heavy oil engines, or Diesel engines. 
used, fits it well, because the first part of combustion BC is at constan 
volume and the second part CD is at constant pressure. AB and D 
are isentropic compression and expansion lines. 


Cc D 


B 


os 
oO A 
Fre. 198. Combination Cycle. 


diagrams from the power cylinder of a 2-cycle engine. Except for this li 

the diagrams apply equally well to the ideal operation of a 2-cycle engin 
313. Variation of Ideal Efficiency with Specific Heat—The fre 

mixture, after admission and before combustion consists of a large amo 


of air and a small amount of 
fuel gas or vapor. After the 
almost instantaneous com- 
bustion, the working medium 
consists mainly of nitrogen 
with much smaller amounts of 
carbon dioxide, some excess 
air, some water vapor from 
the combustion of hydrogen 
and a very small amount of 
carbon monoxide from in- 
complete combustion. When 
operated at overloads, gaso- 
line engines may have several 
per cent of carbon monoxide 
in the exhaust gas. 

The specific heat of the 


mixture which constitutes the working medium approximates that of 
both before and after combustion. 


puted on the assumption that the working medium is air and of cons 


specific heat. 


It will be recalled that the efficiency of the constant volume combe 
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The term Combination Cycle, ofte 


Keeping in mind th 
fact that the lines on these ideal dia 
grams show the relation of the pressur 
and the volume of the gases in the po 
cylinder during a complete cycle of no 
mal operation, we know that Fig. 19 
197, and 198 are 4-cycle diagrams beca 
they show the atmospheric admission a 
exhaust lines, which are absent in the 
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Fic. 199. Variation of Cycle Eff. with Comp 
sion Ratio and Specific Heat Ratio. 


Air Standard Efficiencies are cor 
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tion cycle was found to be: 
me ais Eee geek (1) 
~ Te, pk-l 
where ’ 
ae Cp pa Pp 7 2 
ba @) 
tle 


From eq 1 and 2, it is seen that the thermal efficiency depends upon: 
(1) r, the compression volume ratio, (2) k, the ratio of the specific heat 
at constant pressure to the specific heat at constant volume. 4, in turn, 
depends upon the specific heat (cp or cy») and the gas constant B, wich is 
equal to the difference of the two specific heats, expressed in ft lb/Ib° F. 


TABLE 28A 
Cp, Cy AND k, ror Six MeEpiums 



































Medi 
Number 1 2 3 4 5 6 
19 
0.242 0.277 0.630 0.306 0.97 0.2 
F 0.172 0.208 0.520 0.260 0.90 0.207 
k 1.40 1.327 1212 1.173 1.08 1.06 
TABLE 28B 
VARIATION oF IDEAL Orro CycLe Erriciency witH k anp r 
k 1.40 1.327 1212 1.178 1.08 1.06 
wate = d Efficiencies in Per Cent 
pression r 
47 41 29 24 12 9 
8 51 44 32 27 13 ca 
7 54 47 34 38 14 
8 56 49 36 30 15 id 
10 60 53 39 33 ws 7: 
12 63 56 41 35 19 





Tables 28A-B give the ideal efficiency of the Otto cycle for specific 
heats of six different mediums and for six different compression ratios. 
It will be observed that, for a compression ratio of 5, the ideal cycle 
efficiency varies from 9%, with k = 1.06 to 47%, with k = 1A. And 
with a compression ratio of 12, the ideal efficiency varies from 14%, with 
k = 1.06 to 68%, with k = 1.4. 

Figure 199 shows the influence of r and & on the thermal efficiency in 
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Though it is unimportant for the purpose of the discussion, it m 
be of interest to know that the numbers 1 to 6 of the table correspal 
sen mediums, as follows: (1) Air, at 150° F, (2) air at 3000° R, ( 
water vapor at 3000° R, (4) carbon dioxi P 
3000° R, (6) methane anal R Sito. aan 

314. Combustion Engine Fuels.—(a) Gaseous fuels at atmosph 
pressure are used to a very limited extent on motor vehicles in Engl 
The size and cost of the container makes necessary fuel depots close 
spaced. Compressed gaseous fuels are used more extensively on m ‘ 
vehicles. In some cases the pressure used is high enough to lique 
hydrocarbon fuels. In America gaseous fuels are used only for stations 
engines. The principal gaseous fuels are natural gas, coke oven £ 
producer gas and blast furnace gas. 7 

Natural gas always has methane for its chief constituent, with 
much smaller amount of ethane and a few per cent diluents. A natur 
gas having an analysis by volume: 85% methane, 11% ethane and the 
mainder nitrogen would have a higher heating value of 0.85 X 1004 +0), 
X 1750 = 1045 Btu per cu ft at 60° F and 14.7 psi and a lower heatt 
value of 940 Btu per cu ft. The air required to burn is (0.85 X 2 + () 
X 3.5)4.78 = 9.97 cu ft per cu ft, and the higher and lower heating vali 
per cu ft of ideal mixture are 95.5 and 86.2. 


TABLE 29 
ANALysIs AND Heatine Vauun or Fur, Gas Sampies (60° F and 14.7 pai) 





























CHy|C2H4)C2H6| CO | He | COz| Nz 
Natural Gas 85 11 
~ hope Gas Sie a) 5 | 50] 2 3 
roducer Gas, 2 
iM he aga a eae 
roducer Gas, 3 1 
Bituminous ik tae sy 3 
Blast Furnace Gas| 1 24. | 8! 7 | 66 
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Table 29 gives the volumetric analyses and heating value for ‘‘average”’ 
samples of five gaseous fuels, computed as in the preceding paragraph. 

315. Volatile Liquid Fuels.—(a) Kinds.—Commercial volatile liquid 
fuels include benzol, which is one of the by-products obtained in the dry 
distillation of bituminous coal, grain alcohol or ethyl alcohol obtamed 
by fermentation and distillation of grains, wood alcohol or methyl alcohol 
obtained largely from wood and petroleum distillates. 

(b) Properties—The important properties of such a fuel are: (1) 
calorific power, Btu per Ib; (2) density in Ib per cu ft; (3) amount of air 
required to burn, expressed as lb air per Ib fuel or cu ft air under standard 
conditions per Ib fuel; (4) latent heat or heat required to vaporize in 
Btu per lb; (5) volatility or weight per cent evaporated at various tem- 
peratures according to the ASTM distillation curve Fig. 200 and under 
equilibrium air distillation; (6) Reid vapor pressure in lb per sq in. at 
100° F; (7) ignition and combustion properties as shown by octane 
number or aniline equivalent; (8) viscosity, of minor importance for 
volatile liquids; (9) pour point, or minimum temperature at which the 
liquid will flow; (10) actual or potential gum content (which may cause 
stuck valve stems, or piston rings or clogged nozzles or orifices); (11) 
corrosive power as shown by amount of sulphur or by the copper strip 
test; (12) dirt, water and other impurities. 
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Fig. 201. Equilibrium Air Distillation 
Curves, fav = 16, for Fuels of Fig. 200. 


" Fuel Evaporated Per Cent 
Fia. 200. ASTM Distillation Curves. 


(c) Table of Properties.—Table 30 shows values for the first four 
properties for 16 volatile liquids. Fig. 200 and 201 give a complete 
volatility record for a single gasoline. 
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is a mixture of very many hydrocarbons having different tp curves, a 
special volatility test is desirable. In the American Society of Testing 
Materials test a 100 cc sample of gasoline is heated at atmospheric pres- 
sure in a flask. The percentage of the sample distilled at rising tempera- 
(ures up to the end point is found by leading off the distilled vapors, 
cooling to the initial temperature and collecting the condensed vapor in a 
graduate. The test data are plotted as the ASTM curve of Fig. 200, which 
wives a volatility record for two fuel samples, A and B. 

This test is simple and gives valuable information, but the conditions 


Latent heat is important as determining the fall in temperature of t 
air used to carburete the liquid fuel. The heat required to evapors 
must be supplied by the air, thus chilling it. This makes the engii 
harder to start, but has the compensating advantages of increasing t 
volumetric efficiency and increasing the power. 


TABLE 30 
Votatite Liquip Furts 












































pee Ideal Mixture P f) 4 
Frene Laeeae iat i py no of the test do not correspond to those of the induction system of the usual 
i mn 7 . . . . . - . . . 
25,2) See | ee automobile engine where the gasoline is atomized and mixed with air in a 
F _ | Boil- | a : 1 ‘ a : 3 
Name | shula |Grovity pine, | Aimos. vane Woe carburetor and then evaporated in the inlet manifold and in the cylinders 
» @ Tes. J ” . . . ° 
Atmos.| Btw SOE, eT ee ok we of the engine during the suction stroke of the engine. In the ASTM test, 
es. | per '. A . * 
deg F the fuel is evaporated in an atmosphere of its own vapor, always at 
a ed eee nl ee atmospheric pressure. In the engine, the vapor is diluted by many times 
1 — ‘ : 2 : 
Alcohol, = | Cas) 0.79 | 172 | 395 | 0.5 | 20 | 12740 | 11440] 8.97 its volume of air and the partial pressure of the fuel vapor, which deter- 
Alcohol, | CHO] 0.79 | 149 | 502 | 11 | 40 | 10270! 9020] 6.46 mines the rate and the extent of the evaporation, is far below atmospheric. 
Fi (Sn (esgic) es gagee Mada cea Me 18170 | 17400 | 18.2 Sligh of the Bureau of Standards developed an Equilibrium Air 
Propane C3Hs 0.58 | —47 167 + 4s . : 
Butane — | Calf | 0.97 | “at | i6s 31720 | 19900 | 15.75 Distillation (EAD) apparatus. A long helical tube, whose temperature 
sHiz | 0.63 | 97 | 153 21130 | 19460 | 15.25 could be set and maintained at any desired point was supplied with the 
Hexane CcHu | 0.66 156 156 1.5 PP . one 
Heptane | Crw | 0.69 | 208 | 135 | 0:39 FO | Bieee | 10868 |. Bb gasoline inlet at the top and with air inlet at the lower end. The rate of 
sHis | 0.72 | 256 | 128 | 0.55 20780 | 19200 | 15.1 {low of air and gasoline could be set to give an air-vapor ratio leaving of 
Decane CioH22 | 0.74 343 1 F ° . 
Oyclobexing| Cotte | ove | ak | 3% 0.08 | 20670 | 19120 15.23 4, 8, 12, 16 or 20 at the temperature desired. Fig. 201 gives the EAD 
Toluene | CrHs | 0.87 | 230 | 150 Pe ee Pe curves for the gasoline samples of Fig. 200. O. C. Bridgeman devised 
aye CeHio | 0.76 | 291 | 145 18500 | 17560 | 13.83 empirical equations that satisfactorily approximate the temperature 
Gasoline 0.75 400* 14 wr 
Kerosene |(CuH»)| 0.81 | 600 | toe Soe 49000 ee ratio between these EAD tests and the ASTM temperatures. 
Fuel Oil 0.88 600* 100 18200 2 
i Trm 2k 
* End point, : tae 1.372 + 0.005(7a, — 16) + 0.45(x, — 0.5) (4) 


Table 30 gives data of interest regarding liqui 
) g liquid fuels. §S 
this table are the chapter references. Values Sleereainain oe Pouce’ Oa 


In eq 4, Tra is the absolute temperature from the ASTM curve and 
1’ \p is the absolute temperature from the EAD curve, ray is the mass-ratio 
of air-vapor and 2, is the mass-fraction of liquid evaporated. The + sign 
is used for x, > 0.5 and the — sign for x, < 0.5. 


By definition, 


Densities of liquid fuels are generally measured in degrees on { 
A.P.I. scale. For liquids lighter than water, to convert hydrom 
readings to specific gravities, the f ollowing expression may be used: 


141.5 
131.5 + deg A.P.I.” 


(d) Volatility Tests.— Were gasoline a single chemical compound Ii 
ethyl alcohol, or benzene, the latent heat and the tp relation of the boilip 
point would provide data for computing volatility under various cop 
tions. But because, like other commercial petroleum distillates, gase 


we M, = M, = Rat 
‘ae M, if. Mite Xe (5) 


where M, = mass air, M, is (final) mass vapor, M; is (initial) mass liquid 
and 7a: is the initial mass-ratio of air-liquid. 








sp gr = 


* Society Auto. Eng. Jour., v. 22, p. 443. 











424 STEAM AND GAS ENGINEERING 


Another useful empirical equation due to Bridgeman is 


7 = 1.084 + 0.185 log [ (1 + 3.9ran) | 
dp p 





where 7’ is the absolute temperature of the 90% point on the AST) 
curve, Tp is the absolute temperature of the dew point of a mixture whos 
mass-ratio of air-vapor is ra, and whose pressure is Pp in psi. 
(e) Combustion Properties. These are most important in dete’ 
mining the smoothness of operation or the freedom of the engine usin, 
the fuel from violent knocking or detonation. The atomic structure ¢ 
the number and arrangement of the different kinds of atoms in the fu 
molecule control this behavior. ‘ 
The straight run distillates of United States petroleums contain abo 
70 per cent of paraffins, 25 per cent naphthenes and about 5 per cen 
aromatics. These are rough averages. By exposing these distillates { 
heat in retorts, the oils are cracked, breaking down the larger molecule 
into smaller molecules of different families, so that after cracking thi 
average composition is about 50 per cent paraffins, 28 per cent aromatic 
and about 14 per cent naphthenes. 
The names of the paraffins end in “ane.” The number of hydroge 
atoms in the molecule is twice the number of carbon atoms plus two 
They include methane with one carbon atom, ethane with two carbo 
atoms, propane with three carbon atoms and other members of the famil 
as shown in the first two columns of Table 30. Graphically, they ar 
represented as a string of carbon atoms, each accompanied by two hy 
drogen atoms, but with extra hydrogen atoms at the ends of the string, 
The conventional picture for pentane is shown below. 


HHHHH 

















Paraffin Chain H-C-C-C-C-C-H Pentane Abbreviation CCCCC 
. HH HHH 

In the line above, to the left is a graphical “representation’’ of the per 

tane molecule. This contains five atoms of carbon arranged in a chain 

with twelve atoms of hydrogen. The dots between adjacent atom 

indicate unit valence bonds. Carbon has a valence of four. Therefos 

four dots surrounded each carbon atom. In the interior of the chain ty 


hydrogen atoms accompany each carbon atom. ‘The two carbon aton 
at the ends of the chain must each have three hydrogen atoms, 
























THE INTERNAL COMBUSTION ENGINE 425 


convenient abbreviation of the representation of the molecule is shown to 


the right as merely a string of five C’s for the chain of five carbon atoms. 


The H’s and the dots are omitted to make the graphical symbol more 
concise. Large paraffin molecules, with long chains, are easily decom- 


posed and in the fuel mixture fed to an engine cause detonation. 
Another group or family of compounds, called the olefins, also have 
the carbon atoms arranged in the form of a chain, but with a double 
bond between one pair of carbon atoms. Each of the carbon atoms in 
(his pair needs only one hydrogen atom to complete its valence demand. 
‘This reduces by two the number of hydrogen atoms for the same number 
of carbons and makes the formula C,H»2,. The line below shows the 
graphical picture and the abbreviation for pentylene, one member of the 


family. 








H FAPEL 


Olefin H-C-C:C:-C-C-H Pentylene Abbreviation CC:CCC 
HHHHH 

The names of this family endinyleneorene. As carbon has a greater 
iflinity for a hydrogen atom than for the double bond with another carbon 
lom, such compounds are termed “unsaturated”? and decompose slowly 
in storage, forming gums. The double bond may be between any pair 
of the carbon atoms. This makes possible several “isomers” of exactly 
the same atomic composition but with different molecular structure and 
slightly different properties. : 

Another family of hydrocarbons having a chain structure has the 
name “diolefins.” This family is characterized by two pairs of double- 
honded carbon atoms. An example, “hexadiene” is shown below. This 


\insaturated hydrocarbon also has isomers. 


H H 








Diolefin H-C-C:C-C:C-C-H Hexadiene Abbreviation C-C:C-C:C:-C 
HHHHHHA 
‘he formula for diolefins is C,Hen_2. 
‘The Naphthenes have a structure which we may assume to have been 


produced by taking a paraffin chain, removing the two end hydrogen 
atoms and then bending the chain into a circle so that the two end carbon 
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atoms are bonded to each other. The atomic formula becomes C,] 
Because of this similarity of structure, the naphthenes are also call 
cycloparaffins. Cyclohexane, a fuel with good antiknock qualities 
listed in Table 30. Straight run distillates of American petroleums : 
about one-fourth naphthenes by weight. Cracking decreases paraf 
and naphthenes by about the same percentage of the original distillate. 

Aromatics.—If we imagine a naphthene, like cyclohexane, to h 
alternate single carbon bonds replaced by a double bond, half of | 
hydrogen atoms must be expelled and we have left the well known a 
matic, benzene, CcHs. This is a fuel having strong anti-detonat 
properties. It is also listed in Table 30. 

Any one of the hydrocarbons described may have one or more hyd 
gen atoms replaced by a group of atoms having the same valence 
Such a group is termed a radical. The radical CHs, which has a vale 
one, is called the methyl radical. 

Let us number the atoms in the carbon chain of pentane, a pa 
hydrocarbon, from one to five. Now let each of the hydrogen ate 
that are bonded to the second carbon atom to be replaced by a met 
radical and one of the hydrogen atoms bonded to the fourth carbon 
to be replaced by another methyl radical, we have constructed a ¢ 
pound called 2,2,4-trimethyl pentane. With each methyl radical we k 
added a carbon atom and increased the net amount of hydrogen até 
by 2. The trimethyl pentane has 8 carbon atoms and 18 hydrogen ate 
and is also called octane. It is in fact one of the numerous octane 
mers. Its good anti-knock characteristics has led to its selection as 
of the two standards used to set up the system of octane numbers. 
common name is iso-octane. 

Another striking transformation of this order starts with the nop 
paraffin, butane. Both hydrogen atoms bonded to the second carh 
atom are replaced by methyl radicals and one of the hydrogen ata 
bonded to the third carbon atom is replaced by a methyl radical, final 
forming the structure known as 2,2,3-trimethyl butane or triptane,'« 
of the best fuels known as far as absence of knock is concerned.” 

The abbreviated structure symbols for iso-octane and triptane 

GG CC 
ee and CCCC. The carbon atoms that form the ends of 
C 
main chain and the tips of the “branches” are in every case the co 
methyl radicals 
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(f) Viscosity is of small importance in spark ignition engines. But 
in compression ignition engines it affects the size and distance of penetra- 
tion of the spray drops from the injection nozzle. Absolute viscosity is 
the shearing stress intensity required to produce sliding of the oil film 
at unit angular velocity. The unit is the poise. Viscosity is usually 
measured as the Saybolt number, which is the number of seconds re- 
quired for a standard sized oil sample to flow through the orifice of the 
instrument. By a simple formula, the Saybolt reading may be con- 
verted to kinematic viscosity (absolute viscosity divided by density). 
Fuel oil viscosities at 100° F range from as low as 30 for high speed engines 
to 70 or more for low speed engines. 

Gum is harmful because it interferes with the free movement of valve ( 
and piston rings and because it clogs orifices through which fuel pases] 
Gum seriously affects reliability of operation and reduces power developedJ 

316. Measurement of Ignition Quality.—(a) Octane Number.—This 
property of a fuel is found by measurement in a test engine of particular 
design, size and speed and under precisely standard conditions as to 
cooling. Operating the test engine with the fuel to be rated, the fuel-air 
mixture proportions and the compression ratio are varied until a knock 
of standard intensity is produced. Then with all other conditions re- 
maining exactly the same a mixture of heptane and iso-octane is found 
by trial which will cause a knock of precisely the same intensity. The 
percentage of octane in the octane-heptane mixture is the octane number of 
the fuel tested. Calibrated secondary reference fuels are generally used. 

(b) Aniline Equivalent.—A one-gram-mole per liter solution of the 
fuel to be tested is made up in the reference gasoline. ‘The aniline equiva- 
lent of the fuel being tested is the number of centimoles of aniline added 
to the reference gasoline (again a one-liter solution) to match the first 
solution with reference to knock in an engine. A negative aniline 
equivalent is recorded when the aniline equivalent in centimoles must be 
added to the solution of the fuel being tested instead of to the reference 
fuel. As most of military aviation gasoline has better anti-detonating 
qualities than iso-octane, the aniline equivalent must be used to test 
their knock qualities. The aniline equivalent of iso-octane is 16, that 
of triptane is nearly 20, and some methyl branched paraffins are nearly 
up to 30. The aniline equivalent of normal heptane is — 14. 

(c) Cetane Number.—The desired ignition qualities in Diesel fuels 
are quite different from those for spark ignition engines. They are 
measured in terms of cetane number. This is the percentage of cetane 
in a mixture of cetane and alpha methyl naphthaline, which is equivalent 





—_—_ =. 





_ ciated with entrance of fuel and air into the cylinder. I+ includes cleam 
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in Diesel knock rating to the fuel under test. High cetane number i 
associated with high paraffin content, low delay period, low octane n 
ber and low vibration and shock in engine operation. 

317. Diesel Fuel Oils are crude oil distillates intermediate in volatilit: 
between kerosene and lubricating oils. Their distillation range is fron 
initial boiling point 350° F to 400° F and end point 550° F to 700° F 
The flash point is above 180° F. The specific gravity is from 0.85 t 
0.90 or more. The viscosity is high and they generally contain mor 
impurities—water, sulphur, solids—than the more volatile oils. A 
usually rated, the ignition quality is the most important. Then follo: 
viscosity, cold test, flash test, impurities, especially gum and sludge. 

Ignition quality is important because it determines ease of startin 
and amount of vibration and shock in running. Vibration and sho q 
have a great influence on cracks, breakage and engine durability and co 
of repairs. Fuel oils high in paraffins and low in naphthenes and a 
matics are likely to give a shorter delay period between injection an 
ignition and quieter running. Ignition quality is best measured by Cetan 
number. 

High viscosity is harmful especially when iby temperatures are ef 
countered. High viscosity is likely to be associated with good spray 
penetration and poor combustion. Low viscosity may interfere wil 
fuel pump lubrication 

High flash test ensures safety from accidental ignition in handli 
Ash should be less than half of one per cent and sulphur not more th 
1} per cent. 


318. Induction.—This term is used to describe the processes assd 





ing and compression of air, pumping and atomizing fuel and air, mixin 

fuel and air, distribution of the mixture to the various cylinders, trans 
portation of fuel and air, and finally, the timing of all valves which cor 
trol the admission to the cylinder of fuel and air. 

The induction system is quite different for gaseous fuels, volati 
liquid fuels and heavy liquid fuels. 

In each case, however, fluid frictional resistances are encountered 
straight portions of a passage, at changes in cross-section, as at a choke 
a valve, where eddies and turbulence occur; at changes in direction, 
elbows; and at places where the air stream is required to do mechani 


work faa in atomizing gasoline or imparting kinetic energy to a gaseous @ 
liquid fuel). 
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The work required to overcome these resistances is partly or wholly 
supplied by the ‘‘pumping work’”’ of the engine piston. The total work of 
pumping is proportional to area on the indicator card between the atmos- 
pheric line and the “suction” line. 

During the suction stroke, air and gas or the vapor of a volatile liquid 
fuel are forced to flow into the engine cylinder, generally by the pressure of 
the atmosphere, as the piston retreats from the cylinder head where the 
inlet valve is located. This action corresponds closely to the admission of 
steam under boiler pressure into a steam engine cylinder during the first 
part of the power stroke. 

Because the boiler pressure is much higher than the atmospheric or 
than the condenser pressure which acts on the other side of the engine 
piston, admission in the steam engine is accompanied by the flow of work 
done on the piston. But in the four-cycle internal-combustion engine, 
the various resistances to the flow of gases cause a ‘‘drop” in pressure 
during the suction stroke so that the pressure on the “‘internal’’ face (as of 
1. single-acting) piston is less than the atmospheric pressure outside, and a 
net amount of work is done by the piston, resulting in a loss of energy 
(pumping loss) by the engine. 

In the two-cycle engine, the work of induction is done by another 
piston acting in a separate cylinder which draws in a charge of mixture 
larger than the displacement of the power cylinder and then, on the re- 
turn stroke, imparts enough energy to it to overcome the resistance to 
flow at very high velocities from the blower cylinder to the power cylinder 
at the end of the power stroke. 

319. Induction and Mixing of Gaseous Fuels.—Gaseous fuel is ordi- 
narily supplied under a pressure slightly greater than tl that of the atmos- 
phere. (Ordinarily, the pressure difference is great enough to be balanced 
by a few inches of water column.) Due to this pressure excess, a posi- 
lively-timed gas valve must be provided to permit gas to flow into the air 
or mixture passage only during the suction stroke. A single-cylinder, 
l-cycle gas engine takes gas only one-fourth of the time of a cycle. To 
avoid the necessity of accelerating a long column of gas every suction 
slroke, and also to permit the use of a smaller size gas pipe from the main 
lo the engine, a collapsible reservoir, or gas bag, is placed on the gas line 
vlose to the engine. This is ordinarily made of thin flexible rubber and is 
provided with an automatic valve operated by the pressure drop at the 
beginning of the suction stroke. During the suction stroke, the “gas 
bag,’ now shut off from the main, is gradually collapsed by the atmos- 
pherie pressure and, in collapsing, supplies the charge of gas needed 
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through a short pipe of ample size, without any considerable pulsation i 
pressure. 

The timed poppet valve mentioned in the preceding paragraph, ad. 
mits gas at the right time. The gas bag supplies it always at the con 
stant atmospheric pressure. An adjustable constriction in the ga 
passage meters the gas, or supplies it in the right proportion. Finally, | 
mixing device is needed to disseminate the gas uniformly throughout 
charge of air admitted each suction stroke. 

Figure 202 shows, diagrammatically, the apparatus required to contre 
the metering, mixing and timing of the admission of fuel gas to an engi 






Combustion 
Chamber 





Collapsible Rubber Cover 






. Timed 
Metering Gas 
Screw Valve 





Inlet Valve 








Cam Shaft 
Fig. 202. Gas Induction Line. 


also to prevent pressure surges in the gas main and to supply an amp 
charge of gas each cycle at close to atmospheric pressure. Numeré 
small holes through the walls of the air inlet passage permit gas, from | 
annular passage surrounding the air pipe, to enter the air stream at h 
velocity. In small engines, the gas valve, inlet valve and mixing vy. 
may be combined in a single valve. 
It will be noted that the apparatus is designed to mix gas and air § 
different pressures in adjustable proportions, to adequately supply a pt 
sating demand but not to permit surges in pressure or flow to be commit 
nicated to the gas main. If the pressure in the gas main is several pou | 
per sq in. above atmosphere, as is often the case with natural gas, a p) 
sure-reducing valve must be used between the main and the gas bag, 
During the induction of the charge, heat flows into it from the resid 
clearance gases left from the previous combustion and from the cylit \ 
walls. These influences, acting together, will raise the temperature fr 
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100° F to 150° F above that of the outer air, depending on amount of clear- 
ance and richness of charge. 

320. Induction—Carburetion.—Engines designed to use volatile liquid 
fuels such as gasoline, benzol or alcohol, must have means to atomize the 
liquid, mix it with air and vaporize it. Such charging of air with partially ad 
or completely vaporized hydrocarbons is termed carburetion. 

When volatile liquid fuels were first used, air was carbureted by pass- 
ing it slowly over the surface of gasoline contained in a large receiver 
placed outside of the building in which the engine was located, the car- 
bureted air being drawn or pumped to the engine by the suction created 
by the air piston. 

These very large carburetors were later displaced by positively-timed 
gasoline valves that injected a measured amount of gasoline into the air 
passage close to the combustion chamber of the engine during the suction 
stroke. Though very successful, the expense and complication of such 
devices led to their replacement by the modern carburetor. 

Under different conditions of service, the prime mover of a vehicle 
requires a varying composition of the fuel air mixture. In starting, and to 
a lesser extent in running idle, such an engine requires a fuel mixture very 
rich in gasoline. During nearly all of the remainder of the operating 
range, a lean mixture, or one having a 
small proportion of gasoline, is required 
because of the need for economy in the #93; 


use of fuel. At full load, a rich mixture ©0-10 
: a 4 Se oat 2£ 0.09 ; —-— Ideal Proportions 
is again required because this givesmuch 3 998 shia hackieateshits 


more power and, as maximum power is 
required only for short periods of time, 
the waste of fuel is small. Fig. 203 
shows this graphically. 20 40 60 80 100 

It will be noted that the ideal fuel-air depos 
ratio is 0.066 Ib per lb, and the ideal air- Fig. 205, Bag tik Bes for 
fuel ratio is therefore about 15.2. 

Use.—The modern carburetor is automatic in its operation and, under 
« wide range of conditions, atomizes gasoline and mixes it in approxi- 
mately correct proportions with the air supply of the engine. 

Atomization involves the breaking up of a liquid into very small | 
drops and spreading these drops uniformly through a considerable volume __ 
of air. If a liquid of low viscosity is forced through a fine orifice by a 
high pressure into air, whether quiet or moving, the liquid streams will be 































432 STEAM AND GAS ENGINEERING 


broken up into fine drops or atomized. This method is used in h 
engines. 

If the air is moving at a high velocity past the orifice, a reasonabl 
good atomization is secured, even with a comparatively large orifice and 
low velocity of the liquid through the orifice. 

The ideal conditions for atomization of gasoline and mixing with a 
are dividing both gasoline and air into a multiplicity of small streams 


moving with a high velocity and a high degree of turbulence, and inject 


the stream of gasoline into the air about at right angles. 


Principally to avoid complication, only one or two gasoline nozzles ar 

a corresponding number of air passages are used. 

Analysis of Action.—The agency used to give the requisite velocity 1 

both gasoline and air is the difference in pressure between that of 1! 
pra outside air and that of the part of the in 
passage in which the gasoline and air mix, 

E In the automobile carburetor, gasoline 

fed by pump, air pressure, or gravity from 
reservoir to a float chamber in which the gy 

line is kept at a level about one-sixteenth in 


eavy 0 

























Cc 
Float Chamber 








mo To ae below that_of _the spray nozzle exit. 
Fic. 204. Float Chamber. Float Action.—In Fig. 204 the gaso 


supply under pressure is shown entering th 

bottom of the float chamber, passing a needle valve, A. When the gan 
line level is high enough, the raising of the hollow float shown tilts the ley 
DBC, thus permitting the weight of 
the needle valve to depress it far 
enough to shut off the supply of 
gasoline. 

The proportions are so made that 
the gasoline level EH is just below Gasoline 
the level of the nozzle. A small \ {9m Float Caaagpoom 
opening in the cover keeps the pres- \ 
sure in the float chamber the same 
as that of the outside atmosphere. 

Spray Action.—Fig. 205 gives a 
diagrammatic view of the gasoline 
nozzle and air passage of a simple 
carburetor. The line aa shows the height to which the gasoline ris 


the nozzle. This is the same height as that of the gasoline in the fl 
chamber. 


ZZ 


Fig. 205. Simple Carburetor, 
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By turning the handle b of the gasoline needle, the threaded portion 
of the needle screws in, forcing the point c into the gasoline supply passage, 
thus regulating the rate at which gasoline may flow to the nozzle. 

The air supply enters past the choke dd, turns upward, passing the 
throat or narrowest part of the passage, just above the nozzle, and then 
goes on past the throttle ee and so to the inlet valves of the engine. The 
smooth contraction of the air passage at the throat and expansion beyond 
the throat forms what is called the “Venturi tube.” 

Pressure Causing Flow of Gasoline and Air.—During normal running 
the choke dd is wide open, and does not impede the flow of air entering. 
Nevertheless, the pressure at the nozzle is less than atmospheric due to 
two causes. The first is the pressure difference required to give the air 


the high velocity it must have to pass through the constricted area at the 








throat at the rate of flow required to follow the outward movement of 
the engine piston during the suction stroke. This pressure drop is called 
“velocity head.”? The second cause for the pressure drop is the difference 
of pressure required to overcome the frictional resistance to air movement 
encountered in the air passage from the point where the air enters to the 
nozzle. This is called “friction head.” 

The same total pressure drop is also available to force the gasoline 
flow from the float chamber through the gasoline passage and out of the 
nozzle. The resistances to the flow of gasoline are also friction head and 
velocity head, with a very small “gravity head” required to lift the gaso- 
line the one-sixteenth of an inch or so from the float chamber level to the 
level of the nozzle. re 

320a. Metering.—Neglecting friction, a gas under pressure will escape 
from an orifice or a nozzle with the velocity determined by the energy 
equation for steady (adiabatic) flow: with Vi = 0, 


Ve? 


dg = 778(hi — he) = 778cp(Ts — Ts) (7) 


where V2 is velocity leaving nozzle (or orifice, or Venturi), fps, hi and he 
ure the enthalpies entering and leaving the nozzle, c, is the specific heat 
al constant pressure and 7; — T2 is the adiabatic temperature drop in 
the nozzle. 

The flow M’ in lb per sec per sq ft of cross-section at exit is: 


ae (ite) 1 _ ViPs. 








A, \ v2 / A, BT, 2 
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Then, substituting in eq 7, k/(k — 1)B = 778c,, and in eq 8 the value 
V2 from eq 7, 


(ae. _ P2249 ik 


; P3 (Ts — Ts) 
Ar BT? (k—1 


T. T. 


1). 


29k 
(k —1)B 





) BT, aaa T 2) = 


ens Lat 2gk der 
Ae 7 Ya NG DB (Ty 


For this reversible adiabatic expansion 


and 








k-1 
Ty _ (P:\F 
ee 
Liquid gasoline undergoes no appreciable change in either volume 


temperature while passing through the nozzle or orifice. Its change 
enthalpy therefore is (P1 — P:)v. Its velocity leaving the nozzle is: 


V2 => V2g(hi = hy) => V29(Pi — P2)v. ( 
The rate of flow in lb per sq ft per sec is: 
M! _ Ns 


A v 


We will apply equations 7 to 11 to the flow of air through the ven 
of a carburetor and to the flow of gasoline through the nozzle of a ¢ 
buretor. Atmospheric pressure will be taken as 14.7 psi, and the 
perature as 60° F, or 520° R. Two pressure drops will be consid 
The first of 2 psi (to 12.7 psi), and the second of 4 psi (to 10.7 psi). 
density of gasoline will be taken as 45 lb per cu ft, the specific volum 
being the reciprocal of that amount. For the 2 psi pressure drop a 
air flow: 


1.4-—1 
Sie a 14.7 \ 14 ue ° 
T, = (57) = 1.042, and T. = 499 Re 
Then, from eq 7, V2 = 502 fps, and from eq 9 


M’ _ per sec 
Ae 34.5 Ib 7 





For the same pressure drop, eq 10 and 11 give, for gasoline flow, Vz = 
fps and M’/A = 910 lb per sec per gq ft. 
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Applying the same equations for the pressure drop of 4 psi, the air 
velocity in the throat of the venturi is found to be 740 fps and its mass 
rate of flow through the throat is 45 lb per sec per sq ft. 

For gasoline and the 4 psi pressure drop, the velocity of exit from the 
orifice is 28.7 fps and the mass rate of flow is 1297 Ib per sec per sq ft. 

The increased pressure drop increased the air velocity 473% and its 
mass rate of flow only 30.3%, while for gasoline the increases were 42% in 
velocity and the same percentage increase in mass rate of flow. It is 
evident that the simple carburetor gives a “richer’”’ mixture for increased 
rate of mass flow. The actual flow of gasoline and air, being caused by 
the to and fro motion of the engine piston, is not steady but is pulsating. 
Inertia of the moving gas column smooths out the flow and as the number 
of cylinders increases the flow is smoother. The uniformity of mixing 
fuel and air is always influenced somewhat, however. 

321. Quantity Control.—The throttle shown near the top of the car- 
buretor in Fig. 205 controls the flow of ‘‘mixture” (atomized gasoline and 
air), going to the engine 

With the throttle closed, only a small flow of mixture can occur. The 
pressure drop at the nozzle is small, and the flow of air past the nozzle 
and of gasoline from the nozzle are each reduced proportionately. This 
statement is not precise as already stated. 

With the throttle wide open and of course with the engine running, a 
great rush of mixture occurs. The pressure drop at the nozzle is large, 
and both gasoline flow and air flow are increased in approximately the 
same proportions. 

On the other hand, with the throttle wide open, the pressure beyond 
(he throttle is only a little less than that at the nozzle, while, with the 
throttle closed the pressure beyond the throttle may be six or seven 
pounds per square inch less than atmospheric pressure. ‘This depends on 
the speed and the cylinder volume of the engine and the size of passage at 
the throttle 

The running speed of automobile engines is controlled by opening or 
closing the throttle. For any engine speed, this changes the pressure at 
(he throat and thus changes the velocity of air and gasoline. The density 
of the liquid gasoline passing out of the nozzle remains constant, but the 
density of the air is reduced as the throttle is opened, with a resulting 
increase of vacuum at the nozzle 

It therefore follows that as the opening of the throttle increases, the 
uir velocity increases more rapidly than does the velocity of the gasoline. 
Kut, due to the rapid decrease of density of the air at the nozzle with 
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greater throttle opening, it is true that the rate of flow of weight of ai 
passing increases more slowly than does the rate of flow of weight o 
gasoline. The result is that a carburetor of the simple form shown 
Fig. 205 delivers a richer mixture at wider throttle openings. 

Counteracting Mixture Enrichment.—This enrichment of the mixtur 
with greater throttle openings is counteracted in various ways. 
method is to have a second or auxiliary opening from the outside ¢ 
placed between the throttle and the nozzle. This passage is controll 
by a spring-closed or automatic valve. With the increased vacuum ass¢ 
ciated with wider throttle opening, this auxiliary valve will open, a 
ting more air. This mingles with the overrich mixture formed at 
nozzle and dilutes it. = 

Another method is to have a device which will gradually close 
opening in the gasoline passage as the throttle opens. Or two gasa 
jets may be used, one of which is shut off with wid 
open throttle. 

Air bleeding, as illustrated in Fig. 206, is 4 
used for the same purpose. A is the gasoline pass 
supplying the nozzle N. The nozzle supply is tapp 
by an air tube fed at B by air under atmosphe 
pressure. The suction draws air into the gasolip 
passage, where it bubbles up as indicated in 
figure. With stronger suction or, in other wort 
with greater vacuum due to wider throttle openin 
the flow of air increases. This chokes the gasolli 
passage and decreases the amount of gasoline leaving the nozzle bel 
what it would be without this air bleeding. With small vacuums, h 
ever, the small air flow assists the flow of gasoline. The air bleed 
reduces or eliminates the enrichment of mixture with wide-open throt 

321a. Rapid Acceleration.—Automobile engines usually have a sit 
carburetor supplying gasoline-air mixture to several cylinders. 
arrangement has the advantage of simplicity and also has the great ady 
tage of maintaining a more uniform flow of mixture through the ¢ 
buretor. 

Each cylinder has an intermittent and pulsating demand for mixtu 
With the four-stroke cycle now in universal use, a cylinder draws in m 
ture only one stroke in four. Also, for each cylinder, the rate of flow 
mixture increases from zero to a maximum and then decreases to 
during each suction stroke, as the piston gathers speed to mid-stroke 
then comes to a stop at the end of the stroke. 





Fre. 206. Air Bleed- 
ing. 
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It is obvious that as the number of cylinders increases for a single 
carburetor, the periods of no flow are gradually eliminated and the 
pulsations are damped out by the large size of the mixture passage. 


Figure 207 shows a carburetor connected to a six-cylinder engine. An 
“inlet manifold” is interposed between the ey - 
carburetor and the cylinder casting. The ly : : 


manifold shown divides the mixture into 
three streams. Each of these streams is sub- 
divided in the cylinder casting, one passage 
leading to each of a pair of cylinders. 

When operating with throttle well open, 
the walls of the passage in the manifold are 
wet with gasoline. When operating with the 
throttle nearly closed the pressure in the manifold is much lower, and the 
gasoline evaporates from the walls, leaving them nearly dry. 

On suddenly opening the throttle from a nearly closed position, much 
of the increased flow of gasoline in the mixture is deposited on the com- 
paratively dry walls, and for a short time the mixture becomes so “Jean” 
that the explosion in the cylinder is weak and develops little power. The 
engine therefore “stumbles” and fails to “pick up” promptly, and the car 
accelerates slowly. 

To overcome this difficulty, various methods are used to produce an 
excessive flow of gasoline temporarily, at the time when the throttle is 
suddenly opened. 

A piston or plunger pump connected to the carburetor throttle is used 
to discharge a supply of gasoline through the nozzle into the air stream. 
A sudden movement of the accelerator pedal dis- 
charges an ample supply of fuel to take care of the 
acceleration desired. A small leak hole past the 
plunger piston permits slow movement of throttle 
without any discharge through the nozzle. 

Where an auxiliary air valve is used to coun- 
teract mixture enrichment with increase load, the 
movement of the auxiliary air valve is sometimes 
damped by the use of a dash pot. This also pro- 
duces momentary enrichment when sudden ac- 
celeration is required. 

An idling or accelerating well is shown in Fig. 208. A very small 
auxiliary reservoir is provided on the gasoline supply line. With the 
throttle nearly closed, this reservoir fills up as shown in the figure. When 
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with the air stream passing through the carburetor venturi. The eo 
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the throttle is suddenly opened, the suction at the point of connection 6 
the accelerating well to the gasoline supply is suddenly increased and 
well empties, temporarily increasing the rate of flow at the nozzle. 

322. Carburetor Action in Starting—When an engine is sta 
especially in winter, the gasoline and the engine are quite cold and 
walls of the manifold from carburetor to the inlet valves are free fro 
condensed gasoline. 

With the normal carburetor setting, both due to the low vapor pres 
sure of the fuel at low temperature and also due to the necessary wettin 
of the manifold walls, the amount of vaporized gasoline or even of finel; 
atomized gasoline to reach the vicinity of the spark plug is so low that th 
imperfectly carbureted mixture will not ignite and burn. 

Gasoline is a mixture of many hydrocarbons, but its approxim, 
composition by weight will be about five parts of carbon to one part 
_hydrogen. To burn one pound of carbon, 11.5 Ib of air are requi 
and to burn one pound of hydrogen, 34.5 lb of air are required. The 
fore, to burn one pound of gasoline, § times 11.5 plus § times 34.5, or abo 
15.3 lb of air is needed. 

A mixture of 20 lb of air per pound of gasoline is hard to ignite, or 
is too lean, while a mixture 8 Ib of air per pound of gasoline is too rich 
ignite. A choke valve is placed on automobile carburetors where 
air enters. By nearly closing the choke: (a) The high vacuum induc 
at the nozzle draws i in a very large charge of gasoline, while the air cha 
is greatly red reduced, (b) the evaporation of the atomized gasoline in th 
greatly reduced air pressure at the nozzle and in the manifold goes on 
a greatly increased rate. 

Both of these actions are in the same direction and result in increas 
the richness of the air-gasoline vapor mixture to a point at which it wi 
readily ignite. 

323. Commercial Carburetors.—(a) The Zenith Carburetor.—Il"ig 
209 shows the Zenith model 450 carburetor. It is of the plain-tube tyy 
with a compound nozzle system, an accelerating pump and econom 
device for varying demand, and a starting and idling jet. 

~~ Of the two compound jets, the main jet determines the maxim 


which may be obtained for high speed operation while th 
compensating jet adjusts the mixture } proportions at_ moderate loads 











By means of the main jet discharge tube and the connecting gasolif 
passage, the main jet connects the fuel in the float chamber (or float b 
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pensating jet supply also comes. from the float bowl which discharges 
gasoline by gravity through an adjustable orifice into a small well situated 
below the bowl. All of the gasoline that flows into this well is drawn up 
by suction and discharges into the throat of the venturi through the 
compensating or cap jet. But the well is vented to the atmosphere so 
that the rate of supply is fixed by the adjustment of the compensator screw 
and its depth below the level of the gasoline in the float chamber. 


THROTTLE STOP SCREW 


IDLING 
» ADJUSTING 
NEEDLE 


IDLING 
JET 


SUPPLEMENTAL 
OR CAP JET 


PROGRESSIVE 
— WELL 


COMPENSATOR 


MAIN JET 
ADJUSTMENT 


\ ss 





MAIN JET POWER AND ACCELERATING JET 


Fra. 209. Zenith Carburetor. 
(Courtesy of the Zenith Carburetor Division of the Bendix Corp.) 


The flow of the main jet varies with the suction corresponding to the 
throttle valve opening and the speed (rpm) of the engine. It delivers an 
increasing proportion of fuel as the suction increases. But while the 
compensating jet, for small throttle openings, delivers an increasing flow 
of gasoline, as soon as the suction is great enough to empty the compen- 
sating well, the rate of flow thereafter is constant, fixed by gravity. 
‘lhe combination of the two jets gives a gasoline-air mixture of constant 
composition. 

There are four regimens or conditions of operation for which a richer 


(han normal mixture must _be supplied : starting, idling, acc acceleration an¢ and 
full load. In the latter case it is because the rich mixture gives more 


power than the ideal mixture. 
The idling jet passage extends from the compensator well, up through 























wna 


, the idling jet tube, past the adjusting needle and then up to where 


_ passage enters the mixture passage. 
_over fast enough to create a violent suction in the tiny passage open ab 
the edge of the throttle. This draws a rich supply « supply of gasoline all the way 


_up and the rich mixture starts the engine. 


Fie. 210. Accelerating and Full Power Piston is vented above the piston |) 
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enters the mixture passage at the top of the carburetor. In starting, the 
throttle is set so that its edge comes just at the point where the idling j ie 
The engine starter turns the enging 








By putting the pivot of th 

throttle slightly off center, suction holds it firmly against the stop, and 

the helical spring shown on the 

throttle stop screw prevent# 

chattering, and thus opera 

to give smooth idling. 

The fuel screen and float 

valve are shown to the top 

right. The choke valve, with 

VENTURE out caption, with the air shu 

ter plate may be seen at 
bottom. 

In Fig. 210 may be seen 
accelerator and economizer 
sembly. A weighted accel 
ator piston assembly has 
upper piston, rod or stem, fi 
and spring and a lower piste 
on the same stem. /The cylit 
der containing the upper piste 


ACCELERATING 
PISTON 


ASSEMBLY 


DISCHARGE 
TUBE 


POWER AND 
ACCELERATING 
JET 





POWER JET. 
VALVE 


and Economizer Valve of Zenith Carburetor. the mixture induction pas 


and below the small piston 
the atmosphere. With th 
throttle valve in position for small demand the suction produced in th 
space above the throttle is sufficient to hold the accelerating piston 
sembly against the tension of the spring in the top position as sho 
With further opening of the throttle the suction suddenly falls off 
the weight and spring tension acting together snap the piston assem 
downward, closing the plate check valve from float chamber and openitt 
the economizer valve gives an additional spurt of gasoline through ¢ 
main discharge tube. This provides for quick acceleration. 
As long as the throttle valve remains well open, the accelerating 
economizer piston remains down and an extra stream of gasoline fe 


(Courtesy of Zenith Carburetor Division of the Bendix 
Aviation Corp. 
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through the power jet valve increasing the richness of the mixture and 
thus providing for maximum power. With the throttle open only far 
enough for normal demand, the suction above it is great enough to lift 
the economizer piston, thus closing off the extra flow through the power 
jet valve and thus securing maximum economy. 





(b) Stromberg Carburetors.—Figure 211 shows a model T plain-tube 
carburetor made by the Stromberg Motor Devices Co. of Chicago, Ill. 
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Fie. 211. Stromberg Carburetor. 


The float is of hollow metal and operates a float needle closing upward. 
‘The gasoline passes through a strainer before reaching the float chamber. 

To the left of the float chamber is the needle controlling the rate of 
flow of gasoline from the float chamber to the two nozzles. The main 
gasoline jet is at the bottom of the inner (smaller) Venturi tube. The 
idling jet is to the right of the main Venturi. 

When the throttle is closed, its edge is opposite the upper idle dis- 
charge hole and the great suction at this point draws gasoline and air up 
the idling tube and into the air stream in the Venturi. 

With the throttle a little wider open, gasoline is discharged from Poti 
idle jets. Further opening of the throttle stops flow from the idling jet 
and starts flow in the main jet. 

The main air bleed and economizer needle are shown to the left of the 
Venturi. At wide-open throttle, the economizer needle is closed. A 





wlight opening of the throttle opens the needle, and the air bubbles ad- 


mitted partially choke gasoline flow in the nozzle and save fuel. 
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(c) Down Draft Carburetors.—Carburetors in which the air p 
downward through the Venturi are now generally used. With this ¢ 
struction the length of the manifold is reduced, gasoline drip is preven 
and power is slightly increased. 

The idle jet, air-bleed, accelerating pump, economizer and other f 
tures differ slightly from the corresponding parts of the up-draft carbu 
tor, Fig. 211. The location of the down-draft carburetor is above 


cylinders instead of below the level of the inlet valves as in valves as in ‘the other t 


(d) Injection Carburetors——The carburetors of large airplane 
gines usually inject the gasoline in measured quantities into the su 
charger inlet. 
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CHAPTER XX 
COMPRESSION AND COMBUSTION, INTERNAL COMBUSTION ENGINES 


324. Compression.—(a) Purpose.—Beau de Rochas pointed out the 
advantage of compression with a high ratio of expansion. If adiabatic, 
with a differential amount of heat received (and a smaller amount re- 
jected), we have a miniature Carnot Cycle. In fact, any PV or TS dia- 
gram may be divided into such differential strips with isentropics for 
boundaries, except top and bottom where the nearly isothermal heat 
transfer occurs. Thus we may graphically estimate cycle efficiency. 
The expansion, where the gross work is done, must be preceded by the 
compression which absorbs much of the work, but makes possible the 
high gross return in the expansion (and also the high efficiency). 

(b) Types of Compression.—The medium is usually compressed in 
the power cylinder by a piston. But part or all of the compression may be 
done outside the power cylinder, or even without any cylinder by the 
rotating lobes of a Roots positive pressure blower, or by a vane type posi- 
tive pressure blower, or by a centrifugal fan, or by the revolving blades of 
an axial compressor, as in the gas turbine, which is a true internal com- 
bustion engine. Whatever the means of compression or type of engine, 
compression is always needed to secure high efficiency. 

The Roots blower is largely used in 2-cycle engines as a transfer pump, 
but even here it has a thermodynamic function, and raises efficiency by 
increasing the total compression ratio. The centrifugal blower is gener- 
ally used in the superchargers of airplane engines, but, though the main 
purpose here is to increase power it also has an important part in increas- 
ing the total compression ratio. 

The most compact combination of compressor and power cylinder is 
in the 4-cycle engine, where the same cylinder and piston is used for both 
purposes. It is true that in the 2-cycle engine, the main part of compres- 
sion is performed in the power cylinder, but the induction of the fresh 
charge is made in the separate low pressure compressor (which may be 
called air pump, transfer pump, fan or blower). ‘This low pressure com- 
pressor receives the charge at below atmospheric pressure and may raise 
iis pressure to 5 psig or more, the excess pressure being required to 
transfer the charge rapidly and to supply a slight supercharge. 
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(c) Compression Quantities.—The temperature at the beginning the liquid fuel, injected under a very high pressure, enters the combustion 
compression is influenced by mixing with the hot clearance gases, condu chamber as a fine spray, and is promptly ignited and burned. 
(d) Supercharging.—The engine cylinder should be filled with air, 


arbitrarily assumed at 200° F for all fuels. The compression rati 
represent examples from practice. The values of n, in the pv” equati 
probably represent good averages for the different fuels. Both n and 
vary with load, water cooling, fuel-air ratio, etc. 


in the Diesel engine, or with the combustile charge, in other engines, 
at normal atmospheric pressure, at the beginning of the compression 
stroke. The atmosphere at high altitudes has a pressure far below its 
normal pressure at sea level. The fall in atmospheric pressure averages a 
little more than 0.753 in. of mercury per 1000 feet elevation up to 25,000 

feet, and an average drop of 2.21% of air sea level density per 1000 feet 

takes place up to the same elevation. There is a quite uniform drop in 
. yal Gasoline Gan Heavy Oil temperature of 3 and 7% degrees Fahrenheit per 1000 feet. 
) 


; 
tion from the hot walls, evaporation of volatile liquid fuel. It will 
} 


TABLE 31 
CoMPRESSION Data 








Though the pressure difference is quite small, to restore sea-level 
pressure at any altitude, the pressure ratio is quite large and it is the pres- 
sure ratio that determines nearly all of the difficulties of compressing. 
At 10,000 feet elevation it is 1.467, at 20,000 feet it is 2.175 and at 30,000 
feet this ratio is 3.37. 

Supercharging inlet air, originally at atmospheric pressure aa tem- 
perature is called ground boosting. It is useful in scavenging the burnt 
yuses from the clearance space at the end of the exhaust stroke of 4-cycle 
engines and to fill the cylinder with air or mixture at greater than at- 
mospheric density at the beginning of the compression stroke. This 
increases the power of the engine and has been done commercially in 
wutomobile engines. In large engines, it may be cheaper to secure addi- 
tional power in this way and the thermal efficiency may very well be 
increased. 

The advantage of supercharging Diesel engines is greater than for 
gasoline engines, as the resulting high temperature of the charge cannot 
bring on detonation. 

As 2-cycle engines always require scavenging, it will often be of ad- 
vantage to supercharge the cylinder to a pressure well above atmosphere. 
‘This is especially true in the case of Diesel engines. a 

325. Ignition.—(a) Older methods.—For many years flame ignition 
was used, a pilot light successively being ignited by an outside burner 
und then carrying the flame to the inside of the combustion chamber. 
luter the hot tube was used. Now, electric ignition has displaced these 
older methods. 

(b) Low Tension Ignition.—In this a voltage from 6 to 200 is used 
with a single cireuit. Two insulated electrodes which are in contact 
inside of the combustion chamber and carrying an electrical current are 


Compression ratio, 7 6 8 14 





te, deg F at end of compression 760 965 1035 - 
p2; Psi 144 224 450 
n 1.34 1.37 1.31 








Though the cylinder walls are water cooled, the combustion occur 
in the cylinder every cycle raises the temperature an amount which va 
with the load on the engine. Two-cycle engines have hotter cylin 
walls because very much more fuel per cu ft is burned per unit t 
This greatly influences the rise in temperature during compression. 
piston is not usually water-cooled. If of cast iron, its highest tempera’ 
may be 500° F to 600° F. The cylinder walls are usually below 350° 
Normally a net amount of heat flows into the gas during the early 
of the compression stroke. This makes n greater than 1.4. During 
latter part of the compression stroke heat flows from the gases b 

| compressed to the cylinder walls. This lowers n during the second 
| of the stroke. Also, in engines using volatile liquid fuel, a small amoun 
evaporation is left to be completed during compression and this « 
cools the charge. The heat used to evaporate the principal part of 
fuel was supplied by the air, mixed with it in the carburetor, du 
passage through the manifold. 

The heavier and less volatile fuels, such as fuel oil, must be heated 

a high temperature to evaporate them and also to wails them prom 
ignite in the cylinder at the beginning of the power stroke. The 
bustion air supplies this heat. In these engines the air is comp 
separately in the cylinder and rises to a temperature of 1000° I or 
by the adiabatic compression. At the beginning of the power 





; 
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separated mechanically at the end of the compression stroke and the ai 
formed ignites the combustible mixture. 

An inductance coil, also called a kick coil is placed in the circuit 
form the arc. The operating mechanism should close the circuit abov 
five hundredths of a second before the circuit is broken, to permit 
current to build up to a maximum value. 

Especially because it involves too many parts it is poorly adapted | 
high speed engines and multi-cylindered engines. It has almost g ; 
out of use. 

(c) High Tension Ignition.—The Battery System.—A storage bat; 
delivering electrical current at about six volts usually supplies the ene 
to operate this system. The other elements include an induction coil, 
timer and distributor, a condenser and spark plugs. In Fig. 212, t 
primary circuit contains, beside the battery A and rotating cont 


breaker B, the primary or low tension winding of the induction coil 


the condenser C. The induction coil has a 


gage copper wire and a secondary winding o¢ 
sisting of many thousand turns of 36 gage copy 
wire. All wiring is suitably insulated. ‘T 
secondary circuit also includes a distributor 
which the secondary wiring branches with a 
going to a spark plug in each cylinder head ¢ 
multi-cylinder engine. The spark plug is a por 
lain insulator through which a metal rod or 
passes to carry the high tension current at the time of the spark. 1 
porcelain insulator is secured in a light metal frame adapted to be se 
into the wall of the combustion chamber. This metal casing has oné 
more prongs extending inward toward the central rod and the eu 
jumps the gap between, which may be 0.015 in. to 0.04 in. depending 
the service, especially the compression. 

When the primary circuit is broken at the contact breaker, due to 
electromagnetic properties of the core and of the two windings, & VW 
high electromotive force, from 5000 to 10,000 volts or even higher 
induced in the secondary circuit and a spark or stream of sparks jit 
the gap in this circuit, thus igniting the combustible mixture. 

The function of the condenser is to prevent arcing at the cont 
points of the breaker, and also to increase the electromotive forea | 
erated in the secondary circuit, thus increasing the strength of the # 





Fic. 212. High-Tension 
Ignition. 
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The condenser stores electrical energy just as a spring stores mechani- 
cal energy. As the spring protects parts from shock and sets up a vibra- 
tion on being suddenly released, so the condenser prevents formation of 
an are at the points of the contact breaker which are suddenly separated, 
and sets up an electrical vibration which causes a stream of sparks to jump 
the gap in the spark plug. It is probable that the first spark is the only 
one concerned in the ignition. 
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Fia. 213.—Ignition Circuit—Six-Cylinder Engine. 


In Fig. 213A, the low and high tension electrical circuits for a six 
cylinder engine areshown. The primary circuit is the same as in Fig. 212. 
A single induction coil is used for the six cylinders, the high tension cur- 
rent being shunted to each of six spark plugs in turn by the rotating dis- 
tributing arm. 

Figure 213B shows method of breaking the primary circuit. A six- 
sided cam on a vertical shaft, running at half the speed of the engine, 
opens the contact in the primary circuit six times in each cycle. 

Figure 213C shows how the rotating distributor arm successively 
connects each of the spark plugs with the high-tension circuit. Both 
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primary and secondary circuit breakers are mounted on the same vertic; 
distributor shaft. 

(d) High Tension Ignition—The Magneto System.—Where th 
weight of the battery is to be avoided or where its presence involves @ 
element of danger, the magneto is used to provide the electrical curren 
used for ignition. A schematic illustration of a four pole rotating magn 
is shown in Fig. 214. The lines of force of the rotating magnet when f 
installed in a magneto, pass from its north poles through the air to ii 
south poles. The poles (N) and (S) and the pole shoes (D) with the 


extensions (E) are made of soft iron laminations cast in the magneto ¢ 
housing. The coil core (C) also of soft iron laminations is mounted ¢ 
top of the pole shoe extensions. 





Fia. 214. Four Pole Rotating Magnet with Fra. 215.—Four Pole Rotating Mag 
Pole Shoes. Neutral Position. 
(Courtesy of ple eo Bendix (Courtesy of Scintilla Magneto Division, Bi 


viation Corp. Aviation Corp.) 

As shown, the lines of force pass from the north pole through a narré 

air gap to the adjacent pole shoe, then through the extensions and the oo 
(C) to the south pole, then through the magneto to the north pole again 
Figure 215 shows the neutral position when the magnet has rotat 

45 degrees and one of the pole pieces is centered between the pole show 
Notice that the lines of force do not now pass through the coil oo) 
They are short circuited, and with the coil in place the flux through 
would be zero. It is evident that in the one-eighth turn between { 
positions shown in Figs. 214 and 215, the lines of force passed throw 
all of the wires of the coil at an accelerated rate, thus generating an ol 
tromotive force and following it a current in the coils mounted on 
core. The field set up by this current delays the decline of the magn 


Richard J. Shelton 
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flux a few degrees and makes the final rate of change much more violent, 
so that the magnetic flux suddenly disappears to be replaced by the flux 
of lines of force in the reverse direction. Just at this instant, the breaker 
shown in Fig. 216, opens the primary circuit and thus accentuates the 
speed of collapse of the field. The many coils of the secondary winding 
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Fie. 216. Aircraft Magneto Ignition System. 


BOOSTER MAGNETO 


on the same core receive a burst of electromotive force sufficient to make 
(he high tension current jump the gap of the spark plug which has been 
put into the circuit by the rotation of the distributor block. 

As soon as current flows in the secondary winding a magnetic field 
is set up which slows up the change of flux and delays for a few degrees 
the complete discharge of the spark. The primary circuit should not 
he closed till this action is completed and this limits the speed of effective 
action of the magneto. A secondary condenser placed in the distributor 
linger accelerates this action without diminishing the power of the spark 
und thus permits the magneto to operate at higher speed. 

Figure 216 shows a complete aircraft ignition system consisting of two 
inagnetos, radio shield harness, spark plugs, switch, and booster magneto. 
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The windings on one of the magnetos are shown only schematicall 
Actually there are a few hundred turns of coarser wire in the primary am 
13,000 turns of fine wire in the secondary. The grounded terminal ¢ 
each magneto is electrically connected to the breaker in the primary 
cuit which is insulated. A wire connects the grounded terminal on eac 
magneto with the switch, so that when the switch is in the off positio 
this wire provides a direct path to the ground for the primary curren 
It follows that when the contact points are open, the primary current 
not interrupted. One end of the secondary winding is grounded thro 
the primary to the magneto. The other end is connected through | 
carbon brush to the high tension insert on the coil. From this point it 
conducted to the high tension segment of the distributor finger and acrom 
a small air gap to the electrodes of the distributor block. High tensie 
cables then conduct it to the spark plug of each cylinder in turn. . 
distributor finger turns at one-half crank shaft speed. Until its speed ¢ 
rotation is about 100 rpm, the magneto cannot create a spark, 


starting purposes, therefore, an external source of high tension current 
provided by a booster magneto as shown. The impulse of high tensié 
current from the booster electrode comes in later than the current sup 
plied by the main magneto, so that the spark supplied by the boost 
comes later than the normal time of spark. This is necessary in sta 
because the normal spark is advanced several degrees to be satisfactor 
for the high speed of operation regularly required. 

326. Combustion.—In explosion type engines, ignition and comb 
tion ideally occur instantaneously at the end of the compression stroke 
or at, dead center. Actually the process takes an appreciable amount 

time. Therefore ignition of the first fuel particle must occur a few 
many degrees of crankshaft rotation before dead center. 

When an electric spark passes through a compressed fuel-air mixtul 
or when oil is sprayed into air which has been heated by compres# 
many degrees above the ignition temperature of the fuel, ignition de 
not occur instantly but a period of quiescience or delay follows. A smi 
part of this delay is due to inertia or to elasticity of the operating mech 
nism which makes the actual time of the spark or the actual time at whit 
the fuel is injected later than the apparent time. During the delay pe 
there is no perceptible pressure rise due to combustion. ‘Thereafte 
pressure and temperature rise rapidly. 

_The delay period may be 1/1000 second or less, if the temperature 
the air or of the mixture is far above the ignition point, and in an ext 
case, when the temperature margin is very narrow, the dela 
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a second or more. Engine speed and turbulent movement of the medium 
in the cylinder have an appreciable effect on the delay period. For an 
engine running at 2000 rpm the delay period would last twice as many 
degrees as for an engine running at 1000 rpm, other conditions remaining 
the same. The delay period depends very much on the ignition proper- 
ties of the fuel. See Sect. 355. 

After the incubation period is over, pressure rise to a maximum will 
take an amount of time that is greatly influenced by turbulence, spray 
velocity or mixture quality and temperature. 

For compression ignition in injection oil engines, those fuels having 
a protracted delay period following injection, always have a correspond- 
ingly violent rate of pressure rise when combustion starts. The ignition 
qualities of fuel oils are, therefore, of the first importance in determining’ 
any amount of shock or damage to the cylinder during combustion. 
Paraffin fuel oils have moderate pressure rise and give smooth operation 


in compression ignition engines, whereas aromatics, and especially tar 
oils of low cetane number, which are difficult _to ignite, cause violent 
pounding and destructive shocks. 

_In spark-ignition engines, ignition advance required depends on rich- 
ness of the mixture, being least with a gasoline mixture 20% rich, that is 
with the fuel proportion 20% greater than the ideal,’and ignition advance 
required is very great with gasoline mixtures 20% lean, or with the fuel 
proportion only 80% of the ideal. Gaseous fuels, such as methane and 
carbon monoxide, behave in a similar manner but are not nearly so sensi- 
tive to leanness of mixture. Successful operation is possible with a fuel 
mixture having only 50% of the normal amount of fuel. 


In both spark-ignition engines and in compression-ignition engines, 
a period of quiescence after the ignition impulse is followed by a period 
of uncontrolled combustion. In the spark-ignition type this must last 
till the combustion is complete, as all of the fuel has been admitted before 


ignition occurs. But in compression-ignition engines, the period of injec- 
tion is always greater than the period of quiescence plus the period of 
uncontrolled combustion, and there is always a final stage during which 
fuel is burned as fast as it is injected. Indeed, could the period of quies- 
cence be eliminated in Diesel engines, the entire combustion would be 
controlled by the rate of fuel admission and all danger of violent shocks 
removed. A very small detonating charge of light oil, injected before 
the main charge, has been used to accomplish this purpose. Various 
oxidizers added to a poor Diesel fuel have also been used, though without 


much success. 
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In_spark-ignition engines, though the entire combustion is uncon 


trolled, the speed of flame propagation usually varies between 25 fps an 
250 fps. But, as the flame front advances, the remainder of the charge ii 
compressed so rapidly, that, unless very well cooled, it will reach a tem 
perature such that all of it will detonate almost instantly. This causes. 
metallic knocking sound and very high pressure lasting for an instan 
To stop this, various anti-detonants are sometimes used. Of thes 
tetra-ethyl lead is best known. 

Heat flow is most rapid during combustion and the rate may avers 
about 250 to 300 Btu per sq ft per deg temperature difference (betwe 
the walls and the medium) per hour with variations far beyond the 
limits, depending on combustion temperature and turbulence. Maxim 


pressure should be reached about 13% after the beginning of the poy 


stroke. Combustion should be complete (at any engine speed) withii 


10% to 15% after beginning of the power stroke. 


of available energy and efficiency must result. 
For best operation, the combustion chamber should be compact, wi 


shortest possible flame travel, and well cooled, especially in those ps 
last reached by the flame. The shape of the interior should have such 
relation to the inlet opening that turbulence should be initiated during th 
suction stroke. In compression-ignition oil engines, it is desirable to h 
the combustion chamber so shaped that the piston movement ca 
violent turbulence at the end of compression. The fuel spray should 9 
impinge against cool walls. 

327. Expansion.—In the search for high efficiency, the most effect! 
path has been in the direction of increased volume ratio during comp 
sion. Of equal importance is volume ratio during expansion. 

At the end of expansion, there is a loss due to early release or openiil 
of the exhaust valve or port. Inspection of an actual indicator card 
show that the loss here is small. 

On the other hand, the loss is severe if combustion is not complete 
dead center. Nevertheless, some sacrifice must be made here to avoid 
excessive rate of pressure rise during combustion. The compromi 
tacitly adopted is to have perhaps 80% of the charge burned and m 
mum pressure reached by the time the stroke is 1% to 14% compl 
The remaining 20% of the heat of combustion is converted to work 
rapidly decreasing efficiency. 

To increase maximum engine power, rich mixtures are often used 
gasoline engines. Besides the direct waste of fuel that cannot be burt 
this practice results in combustion continuing till late in the stroke, 
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times even up to release. The heat released late in the stroke is obviously 
of little value in power generation. 

Turbulence is rapidly damped out during expansion, and the rate of 
heat loss may be on the order of 50 Btu per sq ft per deg F per hour of 
exposure. An approximate temperature at the end of expansion may be 
taken as 1800° F with low-compression engines and 1200° F with Diesel 
engines, 

328. Volumetric Efficiency.—Volumetric efficiency may be defined 
as the quotient of the volume of the combustible charge drawn in, reduced 
to standard temperature and pressure, divided by the piston displace- 
ment. Itis really the ratio of the mass of the charge actually drawn in to 
an ideal mass. The standard conditions may be 1— 60° F and 14.7 lb 
per sq in., or 2— the pressure and temperature of the atmosphere sur- 
rounding the engine, or 3— the pressure and temperature at the entrance 
to the induction pipe. 

With no clearance, no combustion, volumetric efficiency would be equal 
to pTo/poT’, the letters without subscript standing for actual pressure 
and temperature at the end of the suction stroke and the subscript zero 
referring to standard conditions. The clearance gases are at high pres- 
sure and temperature at the beginning of the suction stroke and therefore 
might expand or contract during induction, affecting the amount of 
charge admitted. This of course influences 
volumetric efficiency. A weak-spring card is , 
one taken with so flexible a spring that the Aa B 
lines representing the compression and power Suction s 
strokes may not be shown. Inthe weak-spring Fic. 217. Card Showing 
card, Fig. 217, from a four-cycle engine the Yolpneecte eaney, 
ratio bd/AB is sometimes called volumetric efficiency. This expression 
does not include the temperature ratio and is therefore not a reliable 
measure of volumetric efficiency. 

The first and fourth strokes, suction and exhaust, of a four-cycle en- 
gine are really pumping strokes. The area between the atmospheric line 
AB and the suction line abc, Fig. 217, is a measure of the pump work 
done during induction. Similarly the area below the complete exhaust 
line ae measures the pump work required to remove the burnt products 
of combustion. The complete card, Fig. 218, shows two loops for the 
four strokes. The area of the upper loop minus that of the lower loop 
measures the net indicated work of the cycle, though neither the one nor 
the other measures the indicated work of the pumping stroke or of the 
power stroke. 
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Figure 219 is an indicator card from the reciprocating pumping 01 
scavenging cylinder of a.2-cycle engine. The area inside the curve meas 
ures the indicated work of pumping. The scavenging and charging ai 
is forced into the power cylinder at a pressure from 14 to several pound 
above atmospheric. This raises the volumetric efficiency. On the othe 


than 
Fia. 218. Indicator Card Fie. 219. Pump Card 
—Four-Cycle Engine. —Two-Cycle Engine. 


hand the exhaust port is open during the first tenth of the return strok 
of the power piston. Also the burnt gases are not completely swept ow 
For this reason the 2-cycle engine for the same power piston displacemer 
will usually use less weight of air or of combustible mixture than the 4 
cycle engine. 

The reciprocating pump for scavenging is now seldom used. 
an increasing number of 4-cycle engines are now using superchargers. 

329. Superchargers.—(a) Definition——Engines required to ope 
in an atmosphere having a pressure less than 14.7 psi are usually provid 
with an air pump whose function is to deliver, to the inlet valve, air 
the normal atmospheric pressure. Such an air pump is a supercharg 
‘The supercharger is also defined as a pump that will supply air to t 


engine at more than the existing atmospheric _ pressure, or the 
atmospheric } pressure. 

(b) Types.—Airplane engines are now being built to deliver no 
sea level power at 20,000, 30,000 or even 40,000 feet elevation above 
level. These altitudes correspond to air pressures of only 13.75, 8, 
and 5.54 inches of mercury, therefore the pressure ratios against w 
the supercharger must operate are 2.175, 3.37 and 5.4. For a pres 
ratio of 2, the centrifugal blower would generally be used. For a p 
sure ratio of 3, a two-stage blower should be sufficient. For the pres 
ratio of 5, a positive pressure blower such as the Root or a turbo-sup 
charger would generally be chosen. 

Figure 279, Chap. 22, shows a Roots blower of the three-lobe type 
to supply scavenging air to a General Motors Diesel engine. 
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used for airplane supercharging the Roots blower wage has only two 
lobes. 

Figure 220 is a diagrammatic sketch of a turbo-supercharger. The 
engine exhaust valve (inclined valve to right) discharges high tempera- 





Fre. 220. Turbo-Supercharger for Airplane Engine. 


ture high velocity gases into blades of turbine (T). The turbine drives 
centrifugal blower F, and compressed atmospheric air is then delivered 
to engine inlet valve to the left. 


(c) The Standard Atmosphere.— 


TABLE 32 


Tue Sranparp ATMOSPHERE, W. S. Dient, N.A.C.A., T.R. 147, 218, 538 
(The columns on specific volume, cu ft per lb, and absolute 
temperature, deg. R, have been added) 

















Temperatures Baro- Specific 

Altitude metric Density Pressure Volume 
Feet Pressure Ratio Ratio cu ft 
deg. F deg. R in. hg. per lb 
0 59.0 518.6 29.92 1.0000 1.000 13.07 
5000 41.2 500.8 24.89 0.8616 1.202 15.15 
10000 23.3 482.9 20.58 0.7384 1.454 17.65 
15000 5.5 465.1 16.88 0.6291 1.773 20.75 
20000 —12.3 447.3 13.75 0.5327 2.176 24.50 
25000 —30.2 429.4 11.10 0.4480 2.695 29.14 
30000 —48.0 411.6 8.88 0.3740 3.369 34.96 
35000 —65.8 393.8 7.04 0.3098 4.250 42.15 
40000 —67.0 392.6 5.54 0.2447 5.401 53.40 





(d) Power to Drive.—A better conception of how the supercharger 
changes the operation of the airplane engine at altitude will be obtained 
by working out in some detail an illustrated numerical example. 
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Examp.e 1.—A gear driven centrifugal supercharger of 50% adiabatic efficienc 
supplies air to a 1000-hp, 4-cycle engine at 20,000 feet altitude. Assume that the sup 
charger restores sea level pressure to the induction system of the engine and that th 
engine normally uses 0.55 tb of gasoline per hp-hr and 14 lb of air per pound of gasolir 
when developing 1000 hp. Find: (a) power that the engine would deliver at this al 
tude if no supercharger were installed, (i 
ideal power needed to drive the superchargé 
with perfect adiabatic compression and f 
friction losses in drive from engine to sup 
charger, (c) net power absorbed in the sup 
charger drive, (d) power developed by 1 
supercharged engine with throttle wide op 

Solution.—In the PV diagram, Fig. 22) 
showing cycle of engine with supercharg 
the line 3a is the normal sea level atme 
pheric induction line for the suction stro 
ab is compression, bc is combustion, cd is 
pansion or power, dad is drop in pressure f 
release, 54g is exhaust at 20,000 feet. 
line gl is the atmospheric induction line | 





h V j the supercharger at 20,000 feet elevation, 
at 13.75 in. of Hg, as shown in the tabl 
Fra. 221. Ideal Indicator Card of The line la or 12 is the reversible adiabatie, 


Engine with Supercharger. isentropic compression in the supercha 
23f is the delivery line for the superch 
When delivery begins, the pressure in the clearance is 4h or 13.75 in. of Hg and the 
ance space as well as the piston displacement must be filled up to 29.92 in. pressure, 

The work supplied by the engine to drive the supercharger is the area glaf, but 
engine recovers the work on the exhaust stroke due to reduced back pressure, so that 1 
net work to drive the supercharger is the triangular area 125 plus the rectangle 3/y 

(a) The power of the unsupercharged engine would be proportional to the reduet 
in air density or 532.7 hp. Ans. (b) The ideal work of compression per pound air is 


CT ee ee ee AN oot (7 “ 1) = area 12/gl. 


The pressure ratio, from the 6th column of the table is 2.176 and 7’; from the 3rd co 
is 447.3°R. Then: 


k-1 E 


gs BF i 1. 
no (2 = 2.176 


o 
> 


| 


rs 


= 1.248 


1 


and w = 0.241 X 447.3(2.176"° — 1) = 26.8 Btu per lb air compressed. 
For 1000 hp and 7.7 lb air per hp (0.55 X 14), ideal power required is: 


26.8 X 7.7 < 1000 
TOAD ae = 81 hp. Ans. 
1 


(c) During the isentropic compression the volume ratio is 2.176'* = 1.742 and 
volume of air per pound compressed is 24.50 + 1.742 = 14.1 cuft. The piston disp 
ment per pound of air at sea level pressure but at 20,000 ft altitude is: 


(v2 — »3) = 14.1 X es = 11.9 cu ft for engine compression ratio of 6.5, 


During induction, the supercharger adds a net driving force on the power piste 
(29.92 — 13.75) X 0.491 = 7.94 psi. 
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The positive work per pound of air handled by the supercharger is: 


7.94 X 11.9 x 144 
778 


Finally, the power credited to the supercharger for the 1000 hp engine using 7700 


= 17.5 Btu. 
pounds of air per hour is: 


17.5 X 7700 


2545 = 53 hp. 
The net power absorbed in the actual supercharger drive, with 50% efficiency, is: 


81 — 53 
0.50 


(d) The net power developed by the actual supercharged engine at 20,000 feet alti- 
tude is: 


= 56hp. Ans. 


1000 — 56 = 944 hp. Ans. 


‘This compares with 533 hp for the unsupercharged engine. 


Manufacturers have prepared charts, based on computations and 
tests, that will enable the pilot to quickly read the horse power that a 
given engine will develop for a given altitude, manifold pressure and 
speed in rpm. 

(e) Use in Various Regimes.—Take-off.—Limitation in the length 
of run-way make it necessary for an airplane to acquire flying speed as 
quickly as possible. The airplane engine must during this brief period 
develop much more power than the normal demand even in high speed 
flying. The supercharger, if left unthrottled, is able to supply this power. 
I\ven if it is partly throttled to a manifold pressure of 40 in., the take-off 
run is greatly reduced. But the rise in temperature that accompanies 
adiabatic compression of the air in the supercharger causes a corre- 
sponding rise in temperature throughout the engine cycle and would soon 
overheat the engine and bring on detonation if the heavy overload were 
carried more than a few minutes. . 

High Speed Level Flight Near Sea Level——This regime imposes a 
steady demand for power. In this case, to avoid overheating, the dis- 
charge from the supercharger must be by-passed or throttled because, 
in order to secure a simplified drive, it is not possible to stop the super- 
charger. In this case the engine must supply the considerable amount of 
power required to drive the supercharger but is denied the benefit of 
increased power. 

High Speed Level Flight at Ceiling.—This is the highest level reached 
in level flight and supercharger throttle is wide open. Especially due to 
the drop in exhaust back pressure and also due to the low temperature 
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at altitude, the engine developes more power than in high speed 
at sea level. 

Climb, like take-off, is a surge operation and for a short time a wi 
open throttle may be carried than is safe for steady flight. 

Automobiles and truck engines occasionally use boosters to se 
increased power for temporary overloads, thus permitting the use of 
gines of smaller cylinder displacement for the same performance. 
culties with overheating are likely to threaten if the boosting is ¢ 
continuously for too long a period. 

The speed of the centrifugal blowers (superchargers) is often f 
20,000 to 30,000 revolutions per minute. 

330. Governing.—Gas engines govern by throttling and also by v. 
ing point of cut-off as in steam engines. Both these types are classed 
quantity governing, because the quantity of charge admitted is contr 
by the governor while the proportions of fuel and air are unchanged. 

In addition, some large gas engines, especially of the two-cycle t, 
are governed by regulating the amount of fuel gas admitted according 
the load, admitting enough air to keep the total quantity of mixtw 
admitted constant at all loads. This type is called quality governi 
because the governor regulates the relative proportions of gas and ait, 
the quality of the mixture. 


SQ GQ Ge 


Fira. 222. Full-Load Cards—Four-Cycle Engine. 


SS SS SS) Sa 
















Throttli Cut Off ualit: Set Out Set Out, 
ee . é 3d Type 1st and 2d 
Fia. 223. Idle Cards—Four-Cycle Engine. 


Small single-cylinder engines are sometimes governed by omit 
part of the normal number of gas charges at light loads. This is @ 
set-out governing. Sometimes it is given the name hit or miss gove 

The comparative cards, for full-load operation, and for no eff 
load, or idle operation, are shown in Fig. 222 and 223. 

Unlike the corresponding case for the steam engine, throttling go 
ing involves but little loss in the ideal gas engine. Though the com 
sion is reduced, the pressure ratio, the volume ratio, and the tempers: 
ratio during compression are in the ideal case unaltered. 
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In the actual engine, however, there is a serious loss at light load, due 
to the great increase in fluid friction, as shown in the idle card by the 
large loop. 

On the other hand, throttling governing gives the most uniform turn- 
ing effort at all loads, giving a more nearly constant speed and more quiet 
operation than can be obtained by set-out governing. 

Though theoretically superior, cut-off governing has been discontinued 
in gas engines, because the cut-off mechanism is complicated and cannot 
function well at high speeds. 

Set-out governing may be effected by: l-admitting air but no fuel 
during the charging stroke, 2-holding the exhaust valve open thus 
charging with exhaust gas but no fuel, 3-discontinuing the operation of 
the valve mechanism for several cycles, thus merely compressing and 
expanding a charge of fuel mixture. E 


On account of the jerky or irregular pB /=—— A 
action due to omitting impulses, set-out hea. 
governing is not used except in small engines. . D (a) 


Its thermal efficiency is ideally the same at F 


all loads. 
In conclusion, it may be said that throt- Fie. 224. Regulator for Car- 
. z es 3 buretor Temperature. 
(ling governing is in almost universal use 
on engines using gaseous fuel or volatile liquid fuel. 

331. Auxiliaries.—Carburetor Heater.—A method of controlling the 
temperature of the mixture on the way from the carburetor to the inlet 
manifold is shown in Fig. 224. By manipulation of valves EF and F, the 
exhaust gases may be passed directly through the exhaust manifold or 
forced around the by-pass in which 
is located the mixture pipe from the 
carburetor. The amount of heat sup- 
plied to the mixture may thus be 
regulated according to the load or to 
the air temperature. 

Gasoline Pump.—Cam B, Fig. 225, 
on rotating shaft pulls down dia- 
phragm P of pump and gasoline enters 
(hrough suction valve to left. Further rotation of the cam permits spring 
to push up diaphragm and force gasoline out of the discharge valve and 
to the carburetor. As the discharge stroke is by spring action, there is no 


Mixture Passage 
in Carburetor 


Fra. 225. Gasoline Pump. 
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danger of breakage when the carburetor float valve shuts off ingr 
gasoline. 

Electrical System, Starting.—Electric current, for starting, igni 
and lighting service, is supplied by a direct current generator, geared 
the engine, with a storage battery for use when the engine is not runnip 

To secure nearly constant voltage the generator is provided wi 
cut-out, Fig. 226. 

In starting, the cut-out D is held closed by a spring, and the ¢ 
in the generator field coil rapidly builds up the normal voltage. 
this voltage is exceeded, the solenoid HZ, which has many turns of fine 


Small engines are started by hand, the flywheel being turned until a 
combustible charge is drawn in, compressed, and ignited. To spin the 
engine at 40 to 60 rpm, 150 to 350 amperes are required from battery. 
High volatility gasoline and low viscosity lubricating oil are needed for 
cold weather starting. 

Large stationary engines are usually started by compressed air. Un- 
less the engine has more than four cylinders it will have to be barred over 
to the most favorable starting position. 

332. Vapor Lock is the name given the interruption of gasoline flow 
caused by evaporation of the liquid in the fuel line due to high tempera- 
ture under the hood or poor location of the line from storage tank to 

carburetor. The trouble is more series at high elevations and in summer. 
Propane forms about one per cent of most gasolines. Its high volatility 
makes it useful in starting in cold weather but in hot weather it may be 
an agent in causing vapor lock. 

Detonation is a sudden acceleration in the velocity of combustion 
associated with | high pressure and knocking. Detonation reduces power, 
causes high pressures and often leads to preignition. 

Alcohol, benzene and the aromatics do not detonate, but paraffins do. 
‘he influence of several agents in suppressing detonation of heptane is 


Generator Armature 


A) 
Generator FieldB FesistanceC 
ok ae 














600005050050 
Shunt Solenoid E 
Fia. 226. Generator Cut-out. Fie. 227. Battery Cut-out, 








connected across the generator terminals, conducts enough current shown by Fig. 228. The compression ratio at - 
operate the magnet keeper controlling contact D. This is normally which incipient knock was observed is plotted , 2 
closed, but with full generator voltage, the solenoid opens the circuit at against parts by volume of the fuel added to ten 10 
All field current must then pass through resistance C, cutting down volumes of heptane. The engine used was a #48 
strength to bring voltage of generator back below normal. 44-inch bore, 600-rpm variable compression engine. 83 4 
To protect generator from back flow of current from the battery Lead-tetra-ethyl, Pb[C2Hs Js, is the most effective Le 4 
arrangement of Fig. 227 is used. anti-detonant. Mixed with a small amount of é : 
An electromagnet has two windings, A and B. A is a shunt win ethylene dibromide it forms ‘‘ethyl fluid.’”? To 1 
having many turns of fine wire and is connected across generator form ethyl gasoline this is added in about one- or pT I MB re 
inals, receiving full generator voltage. (wo-tenths of one per cent by volume. ten parts Heptane 


Winding B is a few turns of heavy wire which is in series with the 
tery when cut-out at C is closed. C is normally kept open by a sp 
When generator voltage rises to normal, solenoid A attracts k 
strongly enough to overcome force of spring and close circuit at C, 
generator then charges the battery in parallel with load. Solenoid 
also carries current and firmly holds keeper closed. 

When the generator slows down and its electromotive force dee 
current flows in reverse direction through B, the magnetism is rey 
and spring opens circuit at C, protecting generator. 


A mixture of iso-octane and heptane may be Fic. 228. Suppressing 
found which will detonate equally at the same Deyonntan, 
vompression as any commercial gasoline. The percentage of octane in 
such a mixture is called octane number. 

Detonation is affected by cooling of the combustion chamber, and 
flume travel. In Fig. 229, 230 and 231 are shown three valve arrange- 
inents which largely determine the shape of the cylinder heads. 

The I-head, often called valve in the head, is a good type, as the sur- 
face of the combustion chamber is smallest and heat losses least in this 
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excess air is used. The volumetric efficiency is 90 per cent. The mechanical efficiency 
is 80 per cent. The overload capacity is 20 per cent. Compression ratio = 7. Find 
(he maximum indicated and brake horsepower and the rated brake horsepower. 


_Solution.—The piston displacement per second is equal to the area of piston in sq 
{t times piston speed in fps, or 


type. Also, the compact form of the combustion chamber makes comh 
tion most uniform and complete. 

The lower economy associated with valves in pockets, as in the T-h 
and L-head, is largely due to stratification and poor mixing. By sha 


_ Dt Em _ $i, 80. re 
PS ee x Go. = 0.7854 K 2 X Ta * @ = 0.7854 X 13.42 = 10.54 cfs. 
But mixture is drawn in only during suction strokes, or one-fourth of the time, and 
13.42 


Vn = 0.7854 X ar aug 2.635 cfs, 
is the ideal volume of mixture drawn in. 
‘The volume inducted under standard conditions is this volume times the volumetric 
officiency, or 
2.635 X 0.90 = 2.372 cfs. 


The heat energy in 1 cu ft of the fuel mixture, under standard conditions, is equal to 
y heating value of the gas in Btu per cu ft divided by the volume of mixture per cu ft 
ol gas, or: 
600 


1+ 65 X 1.20 


The 0.20 is for excess air. Computed from the ideal efficiency of explosion cycle with 
+ = 7 with factor of 0.6, the expected indicated thermal efficiency is taken as 32 per cent 
for this compression. 

The useful indicated work that will be done per cu ft of mixture is then: 


68.2 X 0.382 = 21.8 Btu per cu ft. 
The maximum indicated horsepower will be 


2.372 21.8 
0.707 





Fia. 229. T Head. Fig. 230. I Head. Fia. 231. Turbulent L Head, 


changing the area of cross-section where such pockets open into the ¢¢ 
bustion chamber, a turbulence is set up that greatly improves the 
formity of the mixture. 
The third type is called the Ricardo type. Strong turbulence 
produced as the charge enters the cylinder. 
333. Cooling.—Cooling of the combustion chamber is needed te 


vent preignition and detonation, to preserve the lubricant, to keep 
te. ae expansion stresses, to increase 
charge density and _volumet 


ciency and power and to reduc 


= 68.2 Btu per cu ft. 


= 73.1 horsepower. 


Engine risk. The number 0.707 = 550/778 is the Btu per sec for one horsepower. 
5 at The maximum brake horsepower is 73.1 X .80 = 58.5. 
Cooling may be effected by fin The rated brake horsepower will be: 
Pump the engine cylinder, by radiate 
3 A : 58.5 _ aah , 
cooling ponds, by cooling tow [2 = 48.7, or 50 brake horsepower, approximately. 
Fia. 232. Water Cooler. Fig. 232 shows one of the simp ‘The mean effective pressure in Ib per sq ft is the indicated work in Btu per cu ft 


(imes 778, the mechanical equivalent of heat in ft lb, per Btu. 
The mep in psi is this divided by 144, or is: 
Btu per cu ft in work X me = Btu per cu ft in work X 5.4. 
For this problem, mep = 21.8 X 0.9 X 5.4 = 105.3 psi. 
The figure, 0.9, is volumetric efficiency. 


devices, a shallow tank, circulw 

pump and perforated pipes with the water trickling down over by 
cloth. 
The temperature of the water leaving the water jacket may be 
the boiling point for small bore engines diminishing to less than 100 
for large size engines. 
334. Horsepower Calculation.—This may be best demonstrated by 
example. 


Using this value mep, the maximum indicated horsepower may be calculated by 
fast shame ly 
2 X 33,000 

lxaMPLy 3.—A six-cylinder, single-acting, four-cycle engine operates on pure carbon 
tionoxide gas. Its dimensions are 10 X 18 X 280. Excess air is 25 per cent. Vol- 
‘metric efficiency 88 per cent. Mechanical efficiency 85 per cent. Overload capacity 
% per cent. Compression ratio is 7, Find maximum indicated and brake hore. 
powers and rated brake horsepower. 


expression: hp = 


Examr.e 2.—A single-cylinder, single-acting four-cycle gas — is 12 X 21 
that is, the cylinder bore is 12 in., the stroke is 21 in. and the revolutions per min 
230. The fuel used is illuminating gas of 600 Btu ro cu ft under standard cond) 
One cu ft of gas requires 63 cu ft of air for complete combustion. Twenty 
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10. The pressure at the beginning of compression is 13.5 psi. What compression 
pram will be ideally required to give an Otto cycle efficiency equal 65 per cent? 
Vhat clearance will be required? Ans. 535 psi, 7.8%. : 

11. Pure marsh gas, CH,, is used in a gas engine with 60 per cent excess air. Find 
the Btu per cu ft of the mixture at 60° F and 30 in. of mercury. Ans. 61.6, 55.2. 

12. Carbon monoxide gas is mixed with 25 per cent excess air. Find the Btu per 
cu ft of the mixture, (a) under standard conditions, and (6) at 14 psi pressure and at 
200° F temperature. Ans. 81, 60.8. 


Solution.— 



















78.5418 X 1 _, 280 
144 * 12x 2 * 60 


Mixture drawn in per sec = 11.44 X 0.88 = 10.08 cu ft. 
From Table 15: 


= 6 X 0.545 X 3.5 = 11.44 cu. ft. 





Vm per sec = 6 X 


P Bs 323 = 13. The pressure drops to atmospheric when 11 per cent of the suction stroke is 
Btu per cu ft mixture = 0.5 Es completed and again rises to atmospheric when 8 per cent of the compression stroke is 
1 + ~~— &X 1.25 : : 
oe 0.209 * | completed. Calculate the apparent volumetric efficiency. Ans. 81%. 


14. Assuming that the pressure at the end of the suction stroke is 13.5 psi and that 
the corresponding temperature is 180° F, calculate the volumetric efficiency. Ans. 
4.6%. 
15. What pressure at the end of the suction stroke will be required to give a vol- 
metric efficiency of 85 per cent if the temperature is 210° F? Ans. 16.4 psi. 
16. The volumetric efficiency is 100 per cent and the pressure at the end of the suc- 


To burn one cu ft of carbon monoxide, one-half cu ft of oxygen is required. T 
equivalent to 0.5 + 0.209 cu ft of air, : 
By Example 1, indicated thermal efficiency is 32%. 


Work in Btu per cu ft mixture = 81 X 0.32 = 25.9; mep = 25.9 X 0.88 








= 123.1 psi. lion stroke is 14.1 psi. Compute the temperature in degrees F at the end of the stroke. 
Max. ihp = 10.08 X 26.9 = 369. 17. A producer gas has 23 8 cent carbon monoxide, 3 per cent marsh gas, 13 per 
ar 0.707 i vent hydrogen, 6 per cent carbon dioxide, and 55 per cent nitrogen. Ca culate the 
Also, od peu per cu ft of mixture containing 25 per cent excess air at 60° F and 30 in. Ans, 60.4, | 
M0.4. 
pLan 3 X 123.1 X Ta * 78.54 X 280 18. A gas has 600 Btu per cu ft and — 5.5 cu ft air for complete combustion. 
Max. ihp = 6 5 33.000 ~ 33 000 = 369, With 15 per cent excess air, 85 per cent volumetric efficiency, and 28 per cent thermal 
X 33, : olliciency, calculate the mean effective pressure. Ans. 105.5 psi. 
369 X< 0.85 19. A gas has a heating power of 140 Btu per cu ft and requires 1.1 cu ft air for com- 
Rated brake hp = ——2—— = 251. lete combustion. With 20 per cent excess air, 90 per cent volumetric efficiency, and 


1.25 40 per cent indicated thermal efficiency, calculate the mean effective pressure. Ans. 


MS psi. 

20. A natural gas has a heating power of 900 Btu per cu ft and requires 9.5 cu ft of 
tir per cu ft of gas for complete combustion. The clearance is 20 per cent of the piston 
(lisplacement. The mixture is at 14 psi and t = 160° F at the end of the suction stroke. 
‘The per cent excess air is 15. Calculate the mean effective pressure if efficiency is 60% 
of ideal. Ans. 100 psi. 

21. A 6-cylinder, double-acting 4-cycle gas engine has diameter 24 in., stroke 33 in., 
ind speed 140 rpm. The gas is of 145 Btu per cu ft and requires 1.6 cu ft air per cu ft 
ws for complete combustion. Excess air is 20 per cent. Clearance is 18 per cent of the 
piston displacement and the indicated thermal efficiency is 60 per cent of the ideal. 
"he pressure at the end of the suction stroke is 13.8 psi and the temperature is 154° F. 
Vind, for ideal four-cycle engine: 

(a) Volumetric efficiency; (b) indicated thermal efficiency ; (c) Btu per cu ft of 
mixture under standard conditions and as it enters the cylinder; (d) mean effective 
jessure in psi; and (e) indicated horsepower. Ans. 79.5%, 31.7%, 49.6, 39.5, 67.5, 2135. 

22. A 12-cylinder 4-cycle, single-acting gasoline engine develops a thermal efficiency 
i brake horsepower of 25 per cent. The mechanica efficiency is 88 per cent. The 
#usoline gives 19,500 Btu per lb and needs 15 Ib air per lb for complete combustion. As- 
‘ne gasoline vapor 3 times as heavy as air and 15 per cent excess air. Volumetric 
Hiliciency is 95 per cent. The engine is to develop 250 brake horsepower at a piston 
med of 1500 fpm. Find diameter of cylinder and the stroke, the stroke being 1.25 
{ines the diameter. Ans. 4.65, 5.82. 

23. In a 4000 brake horsepower gas engine, the mechanical efficiency is 85 per cent, 
(he jacket loss is 35 per cent, and the thermal efficiency based on indicated horsepower 
\» 80 per cent. The jacket water enters at 90°F and leaves at 135° F. How many 
jounds of water must be circulated per minute? Ans. 5170. 

24, A 5-brake horsepower hopper-cooled gasoline engine uses $ of a gallon of gasoline 
wr hour, The gasoline has 19,000 Btu per lb and weighs 6 lb per gal. Assuming the 
Dket loss one-third greater than the exhaust loss, calculate the pounds of water evapo- 
tated per hour. Ans. 30,2. 


335. Problems. 
Unless otherwise stated pressures are absolute. Assume 14.7 psi and 60° F's 


1. (a) Clearance in percentage of piston displacement is 20 per cent. Find el 
in per cent of total volume. Ans. 163. ; ; 

(b) Clearance is 12 per cent of the total volume. Find the clearance in per 
of piston displacement. Ans. 133. , ; : 

2. (a) Clearance is 16 per cent of the piston displacement. Find the cle 
per cent of the total volume. Ans. 13.8. P ; 

(b) Clearance is 9 per cent of the total volume. Find the clearance in per 
the piston displacement. Ans. 9.9. ; oe 

3. Clearance is 8 per cent of the piston displacement. The initial pressure it 
psi and the exponent of the compression line is 1.35. Calculate the compression 
the compression pressure in psig, and the temperature ratio. Ans. 13.5, 438, 2.48, 

4, The compression pressure is 150 psig. At end suction pressure is 13.8 
the exponent of the compression curve is 1.32. Find the clearance in per cent 0 
displacement and in per cent of the total volume. Ans. 18.1, 15.3. ) 

5. The compression pressure is 200 psig. At end suction pressure is 13.7 pal 
the clearance in per cent of the piston displacement is 14.3 per cent. Find the ex 
of the compression line and the temperature ratio. Ans. 1.29, 1.83. 

6. For pressure ratios of 5 and 10 find the figures for clearance and for tempo: 

7. For pressure at beginning of compression equal to 14 psi and for the co 
ing temperature 150° F, find: ; 

id (a) Cicaaae that will give a compression pressure of 600 psi, for n equal 1.85, 

(b) The corresponding temperature in degrees F. Ans. 1155° F. , 

8. For the Otto cycle calculate the ideal thermal efficiency for compression 
ratios equal 15, 18, and 30. Ans. 54%, 56.2%, 62.1%. j 

9. For the Otto cycle and for pressure at beginning of compression equal to 
calculate the ideal thermal efficiency for clearances in per cent of piston disp 
equal 5, 6, and 7 per cent. 
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CHAPTER XXI 
GAS AND GASOLINE ENGINE TYPES 




















336. Field.—At present transportation appears to be the espec 
field of internal combustion engines. On the roads, in the air, on | 
water and under the water the energy required in transportation 
mainly or entirely supplied by internal combustion engines. In { 
field of transport by rail its use is extending at an accelerated rate. 

Lightness and simplicity of construction and, in the Diesel type ™ 
especially, high thermal efficiency characterize the internal combust 


engine. These characteristics and the integrally associated advanta 
of reliability, durability, ease of repair and readiness to serve point ty 
leading position of this type of prime mover in transportation as long 
there is an ample supply of reasonably cheap liquid fuel and until a 
and better prime mover is developed. 

337. Cylinder Arrangement.—The single-cylinder horizontal er 
with trunk piston, Fig. 233, is still built in small sizes, for isolated 


rank pin Iniet valve Crank pin 
Cross-head 
| re x = 
Shaft Wrist pin Exhaust Shaft (fe = 
Trunk piston valve ~~ Cylinder 


Fia. 233. Trunk Piston Drive. Fic. 234. Piston and Cross Head 1) 


———, i? 


Fia. 235. Twin-Engine—Cranks Fic. 236. Twin-Engine—Cranka 
Together. Opposite. 


and for portable use. The single-acting cross-head type is now 
only in vertical multi-cylinder_marine Diesel engines. See Mig. 
The trunk piston saves cost and space. The cross-head type, used 
for slow speeds, is more convenient for inspection. 
For confined space, twin engines may be convenient. (Figs. 285 
236.) The type with cranks together is in bad dynamic balance, — 
type with cranks opposite has poor torque distribution. The 
466 








#ngine cylinder and the compressor cylinder in tandem and the two pis- 
fons on the same rod. 


heen common in smaller sizes. 


I nders in line has the inertia or shaking forces almost perfectly balanced. 
rhe turning moment is not so nearly uniform as that of four-cylinder 
engines. In addition, while the shaking forces are balanced, the shaking 
moments are not balanced. For these reasons, the three-cylinder vertical 
engine is little used 


iutomobile engines, Six-cylinder vertical engines have the balanced 
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cylinder opposed, Fig. 237, extended to two or more pairs with cylinders 
horizontal, is used in small airplane engines. 
The tandem and blower types, Figs. 238 and 239, are still used to a 
small extent in very large blast fur- 
nace gas engines. Bi =i want —— =) 
The tandem, single-acting oil or Fic. 237. Tw. : 
gas engine driven compressor Fig. ol arte a ania 
240, with the two pistons on the same rod is compact. The two cross- 


heads are formed as yokes with the arms diagonally arranged and con- 
nected by steel side rods, one above and one below the shaft in Fig. 239. 


Crank pin 








Piston Piston Bhatt 
Cross-head 


Fic. 238. Tandem, Double-Acting Gas Engine. 






Piston Piston 


Gas engine __Cross-head 
& yoke 





Yoke Compression 
piston 


Fria. 239. Tandem Gas-Blowing Engine. 





Fic. 240. Air Compressor and Oil Engine—Pistons on Same Rod. 


In smaller sizes, gas compressors are sometimes built with the gas- 


Vertical single-cylinder and two-cylinder gas engines have always 


The three-cylinder vertical engine, with cranks at 120 deg and cyl- 




















Six_and eight-cylinder engines are now most frequently used for 
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ter connecting rod. A series of eight knuckles or pins set in the master rod 
form the bearings for the large ends of the eight other rods. The other 
ends of each of the rods are connected to the wrist pins in the appropriate 
pistons. 

338. Stationary Engines.—Figure 242 shows a small-size four-cycle 
single-cylinder stationary engine built by the International Harvester Co. 
With slight changes it may operate on gas or gasoline. The frame, crank- 
tase cover, cylinder jacket and water-hopper form a single casting. 
Separate castings form the supports for each of the main bearings, for the 
cylinder liner and for the cylinder head. 

The high-tension magneto used on the smallest sizes is just to the left 
of the main bearing. Below the magneto is the cam which drives a bell 
crank lever. This operates the push rod for the exhaust valve and its 
shorter horizontal arm operates the gasoline pump. ‘The magneto is of 
the oscillating type. The cable th 
from magneto to the jump spark 
plug in the cylinder head is shown 
in Fig. 242, also the gasoline pipe 
from the pump to gasoline cup and 
mixing valve on the top of the cyl- 
inder head. 

Figure 243 is a view of the cyl- 
inder head of a small MeCormick- 
Decring engine. The exhaust valve 
Which is operated by a rocker from 
(he cam shaft may be seen in the 
lower center. The automatic inlet 
valve is just above the exhaust 
vulve. Both valves are of the pop- 
pol type and are spring closed. 
The usual jump-spark plug is seen 
lo the left of the inlet valve. The 
luiel cup is shown above the inlet — 
vulve. It has dials and needles for Fig. 243. Cylinder Head—Portable 

Pope) : Gasoline Engine. 
ihe admission of gasoline, water, 
ind kerosene to the mixing chamber. In the gasoline engine only one of 
\hese needles is used. In the kerosene engine, the gasoline needle is 
pened for starting, and after the engine is warmed up the kerosene needle 
¥ opened and the gasoline needle closed. When the engine is running 
steadily at heavy load the water needle is opened slightly and a small 


haking moments almost_perfectl nce 
eps moment is quite steady. Eight-cylind 


engines are built vertically in line, or 
the Vee type with four cylinders on e 
side of the Vee. 
Hight-, twelve-, and sixteen-cylin¢ 
engines have the advantage of givi 
progressively more nearly constay 
torque and also retaining small ¢ 
inder size with large power. This 
mits high engine speed and light en 
weight for a given power outplt 
Smoothness of running and good bal 
can be easily attained. 
Fic. 241. Master Connecting Rod In Fig. 241 is shown the arrangem 
eee of master connecting rod and link & 
for a nine-cylinder Wright Airplane Engine of the static radial ee \ 
nine cylinders are arranged radially and are stationary. The 
has a single crank pin which forms the bearing for the large end o 





























Frc. 242. Side View—Portable Gasoline Engine. 
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amount of water vapor mixed with the kerosene-air mixture to p 


knocking and to improve the efficiency 


Governing is effected by partially closing a butterfly valve in | 
mixture pipe. A centrifugal governor mounted on the fly-wheel acti 


the butterfly valve 





Fic. 245. Otto Gas Engine—Side View. 





Fia. 244. Cross-section—Otto Engine. 
(Courtesy of Otto Engine Co.) 





This engine is portable and of the hopper-cooled type. The eyl 
jacket is extended upward to form a rectangular hopper contain I 


‘Considerable amount of water, which may be replenished from & 
from time to time to make up for evaporation. 
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The piston and wrist pin are lubricated by a sight-feed oiler. 
main bearings and the crank pin are lubricated by grease cups und 
pressure. 

Figures 244 and 245 show respectively a section through the eylind 
head and valve-operating mechanism, and a side view of an Otto 4-cy¢ 
gas engine. This engine uses quantity governing with variable moy 
ment for the inlet valve. An oscillating magneto is used to generate t 
low-tension current for ignition. Fig. 246 shows a large blast-furnace g 


engine crankshaft. 








ce en ek 


Fia. 246. Crank Shaft of 5000-hp Allis-Chalmers Gas Engine. 


339. Vertical Stationary Engine.—The Bruce-Macbeth four-cylind 
four-cycle gas engine is shown in section in Fig. 247. 

All valves are operated by a half-time shaft on top of the eylind 
An inlet valve and the small air-starting valve are shown in the sectid 

Governing is of throttling type, slots in a governor sleeve admitti 
both gas and air to a mixing chamber. Very thorough water cooling i 
characteristic feature of this engine. 

340. Portable Engines.—Figure 248 is a sectional view of a Me@ 
mick-Deering tractor built by the International Harvester Co, ° 
four-cylinder, four-cycle, vertical engine is of the valve in the head ty 
This is a water-cooled engine. The cooling water passes from the 
of the engine jacket to the cellular radiator, which is cooled by a blast 
air driven by a fan. The cooled water is returned to the bottom of 
engine jacket. The geared oil pump, seen beneath the rear cylinder, d 
charges the lubricating oil through a screen to the bearings. Spl 
lubrication is used also. A disk friction clutch, controlled by the elu 
pedal, delivers the power from the crank shaft to the transmisal 
By shifting the sliding gear shown, the gear ratio to the rear axle may 
altered and the direction of motion may be reversed. ‘The upper # 
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controlled by lever-operated jaw clutch, drives the pulley used to trans- 
mit power to other machines. 


, mdm 


ges 
C] 





Fic. 247. Bruce-Macbeth Gas Engine. 
(Courtesy of Bruce, Macbeth Engine Co.) 


| 341. Automobile Engines.—Figure 249 shows partial sections and side 
view of the 1941, six-cylinder, 4-cycle, Dodge engine. It is of L-head 
type and has 3} in. bore, 42 in. stroke and 280.2 cu. in. piston displace- 
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ment and therefore has a license rating of 25.35 hp but should devel 
90 bhp at 3500 rpm or a piston speed of 2700 fpm. 

The inclined shaft shown in the end view, Fig. 250, is driven by heli 
gears. It carries the distributor for the ignition system at its upper end 
At the lower end is a gear type pump which draws oil through a ser 
from a sump in the crank case and delivers it under 30 to 45 psi presstt 
to the main bearings. Other moving parts have splash lubrication. 
small horizontal valve to the right in the crank case controls the oil p 
sure. The large receiver to the upper right is an oil filter. Of the fo 





‘dite 


Fria. 248. Sectional View—McCormick-Deering Tractor. 
















piston rings on each piston, the upper two are compression rings used 
prevent gas leakage. The lower two rings, which are grooved are oa 
oiler rings. They distribute the lubricant and keep it from working 
into the combustion chamber. ‘The large pipes at either side of the 
gine are breather pipes for crank case ventilation. 

Alloy steel inlet and exhaust valves are operated by lifters from 


cam shaft, or half-time shaft. halftime shaft. The inlet opens about 12° BTC and 
exhaust valve closes about 6° ATC. Inlet closes about 40° ABO 
the compression stroke and exhaust opens about 45° BBC on the po 
stroke. 

A thermostatic-controlled valve shown above the right hand eyli 
opens to prevent circulation of water through the radiator in startl 
thus quickly raising the cylinder temperature. When the water tem 
ture reaches 160° F the valve shifts and water circulates through 


radiator. Another thermostat regulates heating of the incoming ¢ 


Fia. 250. 
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Center Sectional View of Dodge Engine. 
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of gasoline vapor and air by the hot exhaust gas manifold. A third 
thermostat operates the automatic carburetor choke, enriching the mix« 
ture when the inlet air is cold in starting. The fan pulley is permitted to 
oscillate in the direction of rotation on the hub, absorbing the energy of 


torsional vibrations and damping them out. 





Fig. 251. Fluid Drive and Clutch. 


Figure 251 shows ‘the clutch and fluid drive. The large annular 
passage shown at the left is formed in two stampings, half in the onan 
shaft extension and half in the clutch drive plate. T he two halves of the 
annulus do not quite meet. Each half has radial fins welded in, I'he 
annulus is kept about 80% full of a very light highly refined mineral vil 
which maintains a nearly constant viscosity over a wide range in tei 
perature. The centrifugal force caused by the rotation of the crank ali 
causes a radial increase of pressure of the oil in the crank shaft side of 
annulus. If the other side is stationary or is rotating at a lower i] 
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a violent circulation of oil in the radial plane through the axis is set up 
and thus communicates the kinetic energy of the oil in the more rapidly 
moving crank shaft side to the oil in the other half, thus causing a drive 
from crank shaft to transmission (of very high efficiency) without any 
rigid connection. ' The clutch to the right is of the usual dise type. 

342. Airplane Engines.—These are built to satisfy the requirements 
of extremely light weight, steady running for long periods at nearly 
maximum load and must give good fuel economy. They are built in 
various designs, usually radial but also in-line (upright or inverted), and 
Vee type. The latter types are sometimes liquid cooled but radial en- 
gines and in fact most airplane engines are air cooled. 

Airplane engines must be reliable and able to run continuously at 
almost maximum speed. Lubrication and ignition must function auto- 
matically. The engine must be capable of successful operation under 
wide and sudden changes in atmospheric pressure, while its foundation 
may be rocking violently in all directions and even suddenly rising or 
falling. On the other hand, the engine is not called upon to operate at 
the violently fluctuating speeds encountered by the automobile engine, 
nor is it essential that the mean effective pressure change greatly. 

The maximum service speed of the engine is fixed by the desired pro- 
peller speed either with direct drive or through gearing and is usually 
much less than found in automobile engines, seldom exceeding 2600 rpm 
for the larger size engines. Space is available for a description of but 
one successful type of aviation engine 

The outside appearance of the Wright aircraft engine is so well known 
that only sectional views will be shown of a 14-cylinder, 1600-horsepower, 
C14BB twin radial engine, Figs. 252-255, built by the Wright Aero- 
nautical Corporation. This engine has two rows, each of seven cylinders. 
‘There are two cranks and the drive to the pistons is that shown in Fig. 241. 
‘The cylinders have 63 in. bore and the stroke is 635; in. It develops 1900 
bhp at take-off, with a top speed of 2800 rpm. The continuous cruising 
speed is at 2100 rpm with 1040 bhp developed. For protracted periods a 
maximum of 1600 bhp at 2400 rpm can be employed. A compression 
ratio of 6.9 to 1 is used and the fuel consumption is slightly less than 0.46 
lb of gasoline per bhp-hr at cruising speed. A fuel of 100/130 octane 
should be used. The engine shown is a geared engine with a 0.4375 to 1 
reduction from crank to propeller shaft and weighs about 2850 pounds 
dry, with essential accessories. The supercharger gear ratio is 7.8:1. 

The base construction of all the engines built by this company is 
similar. The single-row engines are built with an odd number of cyl- 
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inders, which permits a uniform sequence of power impulses. For e 
ample, with a nine-cylinder engine, the firing sequence is 1, 3, 5, 7, 9, 2, 4 
6, 8, 1, ete. The stationary cylinders are arranged radially. This per 
mits the use of a single crank pin for each row of cylinders. 

_ The cylinders Fig. 253, are made in two parts. The cylinder ba 
is a thin nitralloy steel forging with machined fins on the outside or with 
aluminum fins secured as later described. 


Fig. 252. An Exploded View of the Crankshaft of a C14BB 1700 hp Double» 
Cyclone Aircraft Engine Produced by the Wright Aeronautical Corporation. 


The cylinder head is made of an aluminum alloy cast complete 


cooling fins which may be machined. ‘The head casting is screwed 
shrunk onto the steel cylinder barrel. The power output and fuel eee 


omy is limited in part by the temperature of the metals of the eyling 
head. In air-cooled engines the fins dissipate the heat that must 
removed for cylinder cooling to the air that is forced to flow through, — 

The engine is provided with a dual ignition system in which two Sel 
tilla aircraft magnetos operate two independent sets of spark plugs. 
magnetos are mounted at the rear of the engine. 

A down-draft carburetor is placed at the rear of the engine. 
is equipped with precision control of the air-fuel mixture ratios and 
signed to operate in the various attitudes met in airplane operation, 
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Figure 252 is an exploded view of the crankshaft of the 14-cylinder 
double-row radial. Though not so shown, the shaft is hollow. To the 
extreme right is shown the propeller shaft which is separate from the 
crankshaft but concentric with it and driven from the crankshaft by 
gears. The crankshaft is supported in three roller bearings. One is seen 
to the extreme right. One is shown to the left of the right crank arm. 





Fia. 253. A Cutaway View of the Main Section of the C14Ba, Double-R 
(Cyclone Aircraft Engine Produced by the Wright Aeronautical Corporation. <i 


lis journal is on the center crank. The third is shown a little distance 
lo the left of the left crank arm. ‘The central crank arm is in two pieces 


‘fastened together by numerous bolts just at the journal of the middle 


hearing which is necessarily of much larger diameter than the two end 
bearings. f 


The end crank arms are split to receive the extensions of the crank 


pins and each has a counterweight, shown at the extreme top and bottom. 
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The counterweights are supported on two heavy bolts, being pivoted on 
one bolt with a little play in the other. This permits a slight oscillation 
which has a period so related to speed of revolution of the engine that the 
two counterweights damp torsional vibrations. The two gears to th 
left are to drive the supercharger, the magnetos and several other a¢ 
cessories. 

Figure 253 is a cutaway view of crankshaft, crank case and cylinders 
looking from the front end of the engine. The propeller shaft is to th 
extreme left, and the spline teeth used to drive the propeller may be seen 
on the bulge in the shaft. The two principal sections of the crank cas@, 
which is made of steel forgings, may be seen. One cylinder of each 
the twin rows is seen bolted to each of the two sections of the crank ea 
shown. The three roller bearings that support the crank shaft are 
shown in section. 

The slender circular forging with the internal gear is the inlet cam 
ring for the front row of cylinders. The speed ratio of the cam ring | 
one-half divided by the number of cams on the ring. The valve sho 
in section on the cylinder to the front is an exhaust valve. It is hollo 
and filled with sodium which melts when the valve becomes hot. Th 
rapid circulation of the melted sodium greatly aids in carrying away hew 
and thus keeps the valve at a safe working temperature. The val 
rocker bearings are of the needle type. The valve push rods cont 
inner tubes. Lubricating oil under pressure circulates upward throug) 
the inner tube and after oiling bearing and stem returns in the space Hit 
tween the tubes. The inlet valves, one of which is shown in section 
rear cylinder, are cooled by the entering mixture. 

The master rod in the rear cylinder is shown partly in section, and 
portion of one of the link rods is shown in the forward cylinder. i 
light aluminum piston with full floating pin, that may turn freely | 
both the piston bearings at its ends and also in the master rod bearit 
at its center, are shown. Both counterweights may be seen cut away, 

The fin construction, which is of great importance, is shown. 
cylinder fins are of aluminum, about 0.025 in. thick and extending Oli! 
from cylinder barrel § in. to lin. They are spaced about 0.09 in, Th 
older fins were cut from the cylinder barrel and therefore were of steel 
In the new design, the cylinder barrels are banded on the outside wil 
grooves about 0.100 wide and 0.150 in. deep, slightly undercut and with 
small radius fillets at all edges. A roll of nearly pure, polished aluminu 
strip about 2.5 in. wide and 0.025 in. thick, is bent nearly flat along th 
middle of its length and then bent upward again on both sides to f 
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something like the letter M with the sides of the V in the M, at the top 
about 7% in. long. This operation is done on a machine of the aeanaia 
Mfg. Co. which delivers the double fin strip wound on a drum of diameter 
equal to the root diameter of the fin ring grooves, in the cylinder barrel. 





Fig. 254. Cutaway View of the Front Section with Torquemeter of the C14Ba, 


Doo Cyclone Aircraft, Engine Produced by the Wright Aeronautical Corpora- 


Another machine cuts the fins into half circles. These are caulked into 
the grooves, leaving two polished fins spaced about 0.09 in. centers and 
about i in. high projecting from each groove. The method of fitting and 
caulking makes a splendid thermal bond for carrying heat from the 
barrel to the fins. 

On the forged cylinder heads the fins are 0.06 in. thick at the base, 
2 in, high and spaced 0.112 in. For cast heads, the fins are 0.093 in. 
thick at the base, 0.062 in. thick at the top, 1.5 in. high and spaced 0.220 
in. On the forged heads the fins are cut into the forging. 
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Figure 254 is a cutaway view of the front section, just forward of t 
shown in Fig. 253. This shows the planetary gear used for the propell 
drive, the speed governor for controlling the blade pitch and the torqu 
meter which may read in lb-ft of torque or in average psi of mean eff 
tive pressure. Looking toward the rear, a large disc fastened as part 
the engine crank shaft is bent forward as a short cylinder, and a lan 





Fie. 255. A Cutaway View of the Supercharger and Accessory Drive Sections 
the C14BA, Double-Row Cyclone Aircraft Engine Produced by the Wright Aeronautl 
Corporation. 


internal gear is fitted inside as shown. The propeller shaft is the tape 
hollow shaft centered on the front end of the crankshaft. The prope 
shaft has a large diameter disk formed at its rear end. Near the ou 
diameter of this disk are the pivots for the numerous small pinions 
mesh with the internal gear forming part of the crankshaft. Finally, 
large ring gear resting on a ball bearing just inside the nose of the er 
casing meshes with the inside of the ring of small planetary pinions 
is restrained from rotation by the stem extending from the torque p 
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at the top. Hydraulic pressure acting on the torque piston supplies the 
force acting at the end of the lever arm that produces the balancing 
torque. This pressure may be read on the dial of the instrument in the 
cockpit that indicates torque. 

Calling the pitch diameter of the internal gear on the crankshaft a, 
the pitch diameter of the gear on the propeller shaft b, the speed ratio is: 
a+(a+b). The ratio of the torques is the inverse of this. 

Figure 255 is a cutaway view of the rear section of the crankcase. The 
supercharger has straight radial blades, curved at entrance to avoid shock 
and turbulence. The mixture comes down from the carburetor through 
the large passage at the top. The mixture leaves at the tip of the impel- 
lor with a high tangential velocity and enters somewhat spiral blades of 
the diffuser. Here it is slowed down and enters the annular passage 
outside the diffuser from which it is fed to the induction pipes that lead 
to the inlet valves of the various cylinders. 

There are two speed reductions from the crankshaft to the impeller 
shaft of the supercharger, each controlled by a multiple disc friction 
clutch. One has a speed ratio of 7 and the other of 10 to 1. This gives 
the supercharger at highest speed an rpm on the order of 20,000. To 
avoid excessive torsional stresses due 
to slight variations of angular velocity 
by the engine the clutch must permit 
slippage if the torque exceeds a pre- 
scribed amount. 

Figure 256 shows a rear view of 
the impeller and diffuser of a smaller 
size Wright Cyclone engine. This 
gives a somewhat clearer view of the 
diffuser than Fig. 255. aie 

Pressure lubrication is used for DIFFUSER 
main bearings and other places indi- ears oS 
cated. The oil is supplied by a gear Fie. 256. Supercharger of Wright 
type pump. Pressure of about 75 psi ais och pam 
is used. Oil from all parts of the engine drains to a sump between the 
bottom cylinders. From the sump the oil is pumped, strained and 
recirculated. 

Many other types of air-cooled airplane engines are extensively used. 
Liquid cooled airplane engines are also largely used and have made an 
excellent record, especially in fighter planes. Space considerations alone 
prevent description of several other types. 
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484 STEAM AND GAS ENGINEERING 
Airplane engines are now built in sizes from 50 to 2500 hp. Airplane 
engines are run as much as 4000 miles between oil change and up 
150,000 miles between complete overhauls. 

343. Performance.—The allowable compression ratio used in gasoline 
engines is largely determined by gasoline characteristics. If the compres« 
sion ratio is made too high pre-ignition results, that is, the gasoline-air 
mixture starts burning before the piston reaches the end of its stroke and 
before the normal ignition occurs. Preignition results in a loss of power 
and of efficiency. Gasolines are treated to reduce tendencies toward pre 
ignition and detonation after ignition. 

Automobile engines have been designed for compression ratios slight! 
lower than airplane engines. Compression ratios now run between 6 and 
7 for both types, with values over 6.5 being most usual. Some racing 
automobiles have been built with compression ratios of more than 9) 
These were of very small cylinder diameter and could be used only with 
special fuels. 

The ideal efficiency of all internal combustion engines increases will 
compression ratio. In actual engines increased friction and detonation 
troubles limit the compression ratio that may be profitably used with 
given fuel. Engines that can be operated with the highest compression 
ratio will usually give the highest thermal efficiency. 

The brake horsepower developed by an engine is influenced by t 
temperature and pressure of its air supply because they determine 
weight of air the engine can pump. Standard conditions specified by th 
Society of Automotive Engineers are dry air under a pressure of 29.92 ip 
Hg. and a temperature of 520° R. 

The bhp of an engine, for comparative purposes, should be corree 
from test to standard conditions by eq 1. 


= 29.92 [460 ~teabe 


wher bhp, = brake horsepower corrected to standard conditions, 
bhp = brake horsepower measured under test conditions of 
t, = air temperature F, 
B = barometric pressure, in. Hg, 
Pw» = partial pressure of water vapor (humidity) in air, in. Mg, 
Po = p X RH. 


where p = pressure of saturated steam, in. Hg, at temperature ty, to b 
taken from suitable table of the properties of steam; and R.H. is the 
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tive humidity of the air during the test, expressed as a decimal. (This 
Pw» term corrects to a dry-air condition for the air supply to engine.) 

Figure 257 shows how the design features and performance of auto- 
mobile engines have changed over a twelve year period. These curves 
are based on data from the listed models of each car type made by Amer- 
ican manufacturers in a given year. 

Gasoline consumption of automobile engines ranges from about 0.5 
to more than 1 lb per brake horsepower-hour. Automobiles run at widely 











vo] 

eo 

a 

«3000 

2800) 

2100 

ae 

a 90 

Wo 

= 

all nee 

; 

wu 

z35 ine ied gi 

Vv 

+ See is 

Pik be ——— 

ca 

5a || Re 

tet os 3, 

Es aL_| ° 

3. a =e 

ou 

aol |_| ei We advo. 
BES | 14 19¢8 LIU 
« >! 
cs ie relates BOMME ee ae 
SA il GA Oi, 5 VS IRS i de gia ee > 

BA ot 


Ss 
nN 
x 
nN 
o 
N 
© 


‘30 ‘31 '32 '33 '34 '35 '36 '37 '38 
CALENDAR YEARS 


Fig. 257. Automobile Engine Design 


Fie. 258. Performance Curves. 
and Performance Trends. 


varying load conditions often under conditions of low efficiency for the 
engine. An average value of gasoline consumption for an engine running 
under reasonable loading is about 0.7 Ib per bhp-hr. In Fig. 258 are given 
some typical performance curves of a a lac automobile engine 
tested with full open throttle. 

Airplane engines operate under rather uniform load conditions and 
at nearly the most efficient load for the engine. Tests of airplane engines 
show fuel consumptions running from 0.43 to 0.7 Ib of gasoline per bhp-hr. 

344. Brake Mean Effective Pressure (bmep).—This is used in dis- 
cussing internal combustion engine performance. Bmep is defined as that 
unit pressure which if exerted on the piston during one complete stroke 
will deliver the same amount of work at the engine shaft as the actual 
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345. Problems.— 


1. Assuming a calorific value of 20,500 Btu per lb for gasoline, calculate and plot 
the thermal efficiency from the engine curves given in Fig. 258. Ans. 21%. 

2. A 6-cylinder automobile engine has 33% X< 4 in. cylinders, compression ratio 
6.0:1. This engine used on test 0.6 lb of fuel per bhp-hr when developing 79 bhp at 3200 
rpm. Find: (a) Bmep, (6) thermal eff, (c) torque, (d) ideal Otto cycle eff for this com- 
pression ratio. Ans. (a) 95, (b) 20.7%, (c) 180 lb-ft, (d) 52%. 

3. A 12-cyl. V-type, water-cooled, 5} X 5% in. airplane engine develops 525 bhp 
at 2100 rpm. Compression ratio is 5.5:1. Guaranteed fuel consumption not over 


varying pressures of a complete cycle, when the mechanical losses in 
engine are disregarded. In other words, bmep is that value of p whi 
must be used in a relationship similar to the familiar chp formula to gi 
delivered (brake) horsepower. In a four-stroke cycle single-acting engi 
a complete cycle occurs every two revolutions. Thus a mean effectiv 
pressure acts only once in two revolutions per cylinder. 





bhp pLan . 0.52 lb per bhp-hr. 20,500 Btu per lb gasoline used. Find items as called for in Prob. 2. 
7 ail = 79 nmnv for four-stroke cycle engine; 4. A 5.125 X 6.25 in. 12-cylinder airplane engine uses 56.5 gal of gasoline per hour 
(2) (33,000) when developing 655 bhp at 2400 rpm. Compression ratio is 6.25 to 1. The gasoline 

2) (33.00 h used has a specific gravity of 0.7 and a heating value of 20,600 Btu per Ib. Find: (a) 

p= (2) (33,000) (bp iy Lb of gasoline per bhp-hr, (b) thermal eff, (c) bmep, (d) engine displacement in cu in. 
Lan C ’ 5. A certain gasoline of 0.73 specific gravity has a heating value of 20,390 Btu per lb. 


Find: (a) Weight of one gallon of this gasoline, (b) heating value of one gallon of this 
gasoline. Ans. (a) 6.07, (6) 123,850 Btu. 

6. A four-stroke cycle, 4 < 10 in. single acting gas engine uses city gas of 530 Btu 
per cu ft calorific value. During a test using a Prony Brake with a 36-in. arm and tare 
12 lb, a gross load of 39 lb was obtained at 340 rpm. The engine used 18 cu ft of gas 
in 10 min. Find: (a) Bhp, (6) thermal eff, (c) bmep. (d) If the mechanical eff is 82 
per cent at this load find the ihp and the indicated mean effective pressure. 

7. An automobile engine under test delivered 85 bhp when the barometer read 29.0 
in. Hg with air temperature at 87° F and the relative humidity of the air at 50 per cent. 
lind the bhp corrected to standard conditions. Ans. 92.3. (The pressure of 87° F 
saturated steam is 1.2931 in. Hg, from the Steam Tables.) 

8. An 8-cylinder 34 X 33 in. automobile engine delivers 110 bhp at 3600 rpm. 
Compression ratio is 6.1 to 1. Fuel consumption was 0.57 lb per bhp-hr using 0.74 
sp gr gasoline of 20,600 Btu per lb calorific value. Find items called for in Problem 2. 

9. Work Example 1 with data of p. 477. 


where p = brake mean effective pressure (bmep) lb per sq in.; 
C = number of cylinders per engine; 
L, a, n as previously defined. 


Brake mean effective pressures of automobile engines average over ) 
and run between 70 and 140. Bmep of airplane engines ranges from 70 
180, with the largest number of types having values between 105 and 1 

















Exampte 1.—A “Twin Wasp,” Pratt and Whitney i4-cylinder 53 < 54 in, 
plane engine develops 1000 bhp at 2600 rpm at take-off and 625 bhp at 2150 rpm 
cruising speed. Compression ratio is 6.5 to 1. Fuel consumption about 0.48 Ib 
bhp-hr at cruising speed. Find: (a) Bmep for both maximum and cruising 
conditions, (6) torque in lb-ft corresponding to the bmep’s of part (a), (c) actual th 
eff under cruising operation, (d) ideal thermal eff of Otto cycle for compression 
given, assuming specific heat constant. 
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Solution.—By formula (2) 


(a) 1000 _ (p)(5.5)(5.5)*(r) (2600) 
14 ~~” (2)(12) (83,000) (4) 
625 _ (p)(5.5)(5.5)2(m) (2150) 


mn = 125.9 psi bm 
14 ~~ (2)(12) (83,000) (4) Pe ene eee 





p = 166.6 psi maximum 
bmep. Ans. 




















(b) Bhp = 2rTN Jennings and Obert, Internal Combustion Engines, 1944, Int. Text, Book Co. 
33,000’ Judge, A. W., Automobile and Aircraft Engines, 1934, Pitman and Sons 
: Judge, A. W., Testing of High-Speed Internal Combustion Engines, 1925, Van Nos- 
T = £88,000)(1000) _ ‘2021 Ib-ft, torque at take off, A tran 
(6.28) (2600) pS to ute Maleev, V. L., Internal Combustion Engines, 1945, McGraw-Hill 
(33,000)(625) byob ie ee es phech T96 ket 
= A i pia Moss, 8. A., Superchargers, National Aero. Council. 
ithe (6.28)(2150) 1528 lb-ft, torque, cruising. Ans. Polson, J. A., Internal Combustion Engines, 1942, Wiley 
Lichty L. C., Internal Combustion Engines, 1942, McGraw-Hill 
2545 Ricardo, H. R., Engines of High Output, 1929, MacDonald and Sons | 
(c) Thermal eff = (0.48) (20,500) 25.9%. Ans. Ricardo, H. R., High-Speed Internal Combustion Engine, 1931, Blackie and Sons 
f ; Ricardo, H. R., The Internal Combustion Engine, 1923, Vol. 1 and 2, Blackie and Sons 
1 1 
(d) Eff =1-—--—— =1 = 52.3%. Ans. 
pA 
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CHAPTER XXII 
OIL ENGINES 






























345. Development.—The most active period in the early developmen 
of the oil engine was the last thirty years of the 1900’s. Many inventor 
worked in this field. The contributions of three men were outstandin 

George Brayton, an American, beginning in 1871, built a complica 
two-cylinder engine with compression in one cylinder and power develop 
ment in the other. The combustion chamber was first placed betwe 
the two cylinders. This was later moved to the power cylinder. In 18 
he obtained a patent. The engine was quite extensively built in Americ 
and in England. Starting with gas as fuel, he soon found that heavy © 
was better suited to the constant pressure combustion which he used fror 
the start. His cycle was in fact substantially the same as that of 
modern gas turbine described in the next chapter. Brayton atomized th 
oil and injected it into the power cylinder with compressed air. 
main charge of air was separately compressed. ‘The complication of 
engine and the resulting low mechanical efficiency were disadvantay 
that finally eliminated it. Brayton deserves credit for being the fi 
to use heavy oil successfully in the operation of an internal combusti¢ 
engine. 

Beginning about ten years later, in 1885, Herbert Ackroyd-Stuart, 
Englishman, took out a number of patents on improvements in the ¢ 
engine. His patent No. 7146, issued in 1890, describes the separate com 
pression of the charge of air in a cylinder, and then, near the end of 
stroke, introduction of the charge of heavy oil into the air heated by cow 
pression. Patent No. 15,994, granted later in the same year provid 
for the injection of the liquid fuel into an antechamber of the cylinder 
is done in the present day precombustion chamber engines. The ant 
chamber was heated by the previous explosions. External heat was sujy 
plied to the antechamber before starting the engine. 

The engine, which was sold for many years in England and Amerie, 
was called the Hornsby-Ackroyd, Ackroyd-Stuart being the sole invento 
It used separate compression of air, injection of heavy oil into a hot spa¢ 
in the combustion chamber near the end of the compression stroke 
ignition by a hot spot. Without the help of the Diesel procedure, th 
engine would very probably have developed into the present day 
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combustion chamber type engine. It was badly handicapped by very bad 
mechanical construction of the cylinder which prevented the satisfactory 
use of high compression. 

Rudolf Diesel, after writing a book analyzing the possible performance 
of an engine preferably working on the Carnot cycle, interested an eminent 
firm of German engineers in the construction of an oil engine operating on 
the Diesel principle. In 1892, Diesel patented an engine in which air was 
separately compressed to a temperature higher than the ignition tempera- 
ture of the fuel which was injected just before the end of the compression 
stroke, as in the Ackroyd-Stuart engine. Both Ackroyd-Stuart and 
Diesel compressed the air separately from the fuel, but Diesel used the 
heat of compression to secure ignition, while Ackroyd-Stuart used the 
heated surface of a precombustion chamber or hot spot to ignite the fuel. 
It is hard to say which contribution was the more important. The Diesel 
engine was developed to success after costly experiments, with the aid 
of a corps of capable engineers who had to radically alter the design before 
success was achieved. 

While it would be far more appropriate to call all steam engines Watt 
engines, the name Diesel, a single word, has come into general use, dis- 
placing the awkward expression, Heavy Oil Engine. 

346. Characteristics of the Present Day Diesel Engine.—The absence 
of spark ignition or electrical ignition is a striking feature. Precombus- 
tion-chamber Diesel engines use a glow plug, but only in starting. Slow- 
speed Diesel engines generally use as fuel a bunker oil of specific gravity 
as heavy as 12 degrees Beaume. High-speed Diesels use fuel oils as light 
as 30 or 45 degrees Beaume. 

Diesel engines use compression ratios from 12 to 18, though a few per 
cent use compression ratios from 19 to 22. Only one-fourth of the types 
are recorded as having compression ratios of 15 or less. These are nearly 
all of high speed type using a comparatively light distillate. 

Nearly all of the high speed automotive Diesels are of the four-stroke 
cycle type. There are a very few exceptions. Large power stationary 
und marine Diesel engines are nearly all of the two-stroke cycle type. 

The fuel rate is from 0.35 to 0.50 lb per bhp per hour, though many 
wutomotive Diesels exceed this figure. The brake mep is 70 or 80 psi. 
‘The weight per continuous horsepower is as low as 15 to 20 lb for a few 
high speed engines and may be over 200 Ib per bhp in low speed Diesels. 

347. Field.—The Diesel Engine (or the Heavy Oil Engine) was used 
lo only a small extent before the beginning of the present century. 

l’xcellent shop facilities, especially in regard to the production of very 




























































































































































































_ smooth surfaces and exact dimensions, both necessary to the succe' 
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production of good Diesel engines, were not then generally available. 
The first extensive use of Diesel engines was for marine propulsi 
Not until 1925 was the Diesel engine used for switching engines on 
railroads, and its extensive use for main-line locomotives is only a f 
years old. Now, as for the past decade, two-thirds or more of all ma 
tonnage launched is Diesel propelled. 
It has already become the important type for new switching loco 
tives. Diesel-propelled passenger trains hold nearly all the speed reco’ 
for transcontinental runs and the Diesel-propelled freight locomotive 
made a similarly brilliant record in the movement of freight. 
During the recent war, Diesel-propelled vehicles of all sorts hw 
made very fine records of performance under the most difficult conditi 
For farm work, tractors and similar machinery, it appears to be 
preferred type. ‘ 
In the United States only a small percentage of buses are Diesel drive 
Its use in airplanes has all but disappeared during the war, but a vé 
important part of transoceanic air transportation will possibly be 
means of Diesel propulsion. 
Like other internal combustion engines, the special field of the Di 
is in transportation. For stationary engines, it is restricted to s 
plants or isolated plants where the water problem or the fuel probl 
acute. 
348. Advantages and Disadvantages.—Years of operation in se 
in widely distributed regions appear to support nearly all of the follo 
advantages cited for the Diesel electric locomotive: 


1. Quick start 14. No boiler washing 
2. No stand-by 15. No ash disposal 
3. Low fuel cost 16. No water treatment plant 
4. Small repairs 17. Less shop facilities 
5. Higher availability 18. More reliable 
6. Less repairs 19. Smooth start 
7. Low maintenance 20. Little smoke 
8. Long life 21. More comfort for passengers 
9. Less time in shops 22. Less track wear 
10. Less vibration 23. Economy unaffected by age 
11. Less influenced by weather extremes 24. Less harmful to urban living condi 
12. Running repairs 25. Faster schedules 
13. Long radius of action 


All of these apply over the coal burning steam locomotive in com 
son. Most of them apply over the oil burning steam locomotive. 
majority still apply to the comparison of the Diesel freighter over 
steam propelled cargo ship. 
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Disadvantages cited are: (1) greater initial cost; (2) greater complexity 
of electrical equipment; (3) compared to gasoline propelled buses, the 
color of the smoke and its slight odor, in the Diesel is objectionable in 
the streets of cities; (4) as such a large proportion of the heat energy of the 
fuel is converted to work in the Diesel, less exhaust heat is available, but 
Diesel exhaust has been used to generate steam at pressures as high as 
100 psi. 

349. Ignition, Combustion.—Spark Ignition and Diesel Engines.— 
Before fuel and air can burn they must be brought into contact and the 
temperature at a point of contact must be raised above the ignition 
temperature. Combustion cannot be complete unless every smallest 
particle of fuel is brought into contact with a particle of oxygen. As 
excess air reduces the quantity of heat that may be generated in a given 
space, excess air must be reduced to a minimum. This means that the 
mixture must be intimate and uniform down to spaces of little more than 
molecular dimensions. 

In the spark ignition engine with a carburetor or with a mixing valve, 
at the beginning of the suction stroke, fuel and air are fed into the induc- 
tion system together in the correct proportions and under conditions of 
violent turbulence which increases the fineness and uniformity of the 
mixture during the entire suction stroke or during 180 degrees of crank 
travel. 

Even during the succeeding 180 degrees of the compression stroke, 
strong turbulence continues, and by the end of this stroke, when the spark 
passes, the mixture has been improving for 360 degrees of crank shaft 
travel. With a hot spark combustion is initiated and by way of ‘uncon- 
trolled’ combustion will proceed rapidly through the whole combustion 
chamber. 

In the Diesel engine, no mixing can occur until the first drop of fuel 
enters the combustion chamber just before the end of the compression 
stroke. It is desired that within a few degrees of crank shaft travel 
combustion shall proceed to the remotest corner of the combustion cham- 
ber. The speed of mixing must, therefore, be many times greater than 
in the case of the spark ignition engine. 

To secure such rapid mixing, it is evident that a large amount of en- 
ergy must be expended in an effective manner. The following ways of 
using such energy are being used. First, the air in the combustion cham- 
ber at the end of the compression stroke is placed in rapid circulation in 
various ways. One way is to have the ports leading the air into the cyl- 
inder directed tangentially. It is possible in this way to cause the air 
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entering the cylinder to swirl many times for every revolution of the crank- 
shaft, and this swirl will continue with little diminution throughout the 
compression stroke and also during the power stroke which follows. The 
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Fia. 259a. 
position with piston face very close to 
cylinder head, a very violent radial move- 
ment of compressed charge is set up. 


As piston nears dead center Fic. 259b. During suction stroke, 


the charge enters with a violent 
whirling movement. During latter 
part of the compression stroke 
velocity of whirl is greatly increased 
during the time the fuel is sprayed 
in. 
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259d. As piston ap- 
proaches the end of the stroke, 
compressed charge entering the 
turbulence chamber through nar- 
row tangential passage receives 
a very strong whirl. 
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Fia. 259c. Charge is sprayed Fria. 
into hot pocket in piston head, 
while air is forced into pocket 
as the piston approaches the 
cylinder head. 


energy required to create this swirl is evidenced by a small drop in p 
sure in the air at entrance to the cylinder. 

In place of tangential air ports, swirl may be produced by placing | 
cylindrical masks part way around the inlet valves. This method is » 
much favored in this country. Another way to cause violent air cirew 
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tion at the end of the compression stroke is to cause the piston to come 
almost tight against the cylinder head at the dead center and form the 
combustion chamber by a small diameter extension, concentric with the 
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Glow Plug Air Chamber 
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Fia. 259f. 
sion stroke, heated compressed air 
is entering the narrow entrance 
to the air cell at high velocity. 
The fuel jet, entering at this in- 
stant is thoroughly mixed with 


Fie. 259e. As piston ap- 
proaching dead center drives 
compressed air at high velocity 
into small air chamber, the 
spray nozzle discharges fuel 
jet into the hot turbulent air 
charge. 


At end of compres- 


hot compressed air. 
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Fie. 259g. As the engine piston nears the end of the stroke, it overruns the edge 
of the passage leading to the swirl chamber thus accelerating the velocity of the swirl. 
Injection occurs at this into a swiftly moving and violently turbulent current of air in 
the swirl chamber. 


This causes a violent radial movement, sometimes 
called ‘squish.’ Or the small diameter cylindrical combustion chamber 
may be formed as a recess in the piston. Toroidal recesses are also used 
in the piston head or in the combustion chamber end wall giving rise to 
various kinds of violent air turbulence at the end of the stroke or when the 
fuel is injected into the combustion chamber. 


main cylinder. 
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Beside using part of the energy of the piston movement to cause vil 


lent air circulation, the energy of the combustion is used in the precom 


bustion chamber type of engines. In this case the fuel is usually injec 
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Fia. 259h. In the Lanova combustion chamber, the nozzle sprays fuel into 
opposite air cell as the piston nears dead center. A violent double-swirl in the 
pockets adjacent to the valves. In starting compression pressure is increased 
having the small conical valve against its seat to the left. In normal running 
valve is moved to its seat at the right, increasing the size of the compression space, 


into the precombustion chamber. Fig. 259 shows various means of pro 


moting turbulence and mixing. The high speed Diesel engine was 
possible only by the use of aids to turbulence, some of which have 
described or illustrated. 
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350. Air Injection.—A type of fuel injection nozzle in which highly 
compressed air is used for the atomization, injection and distribution of 
the fuel throughout the air charge will be first described among fuel 
injectors. This was the first type fuel injector used in Dieselengines. It 
is still used in some of the largest slow speed Diesel engines having the 
highest thermal efficiency. 

(a) Spray Valve.—The injection valve is placed at the top of the 
cylinder in the common vertical single-acting type. The injection valve 
casing contains passages for fuel oil and for compressed air, a device for 
using the air to atomize the oil and the timed 
valve which admits the air and atomized fuel 
into the working cylinder at the beginning of 
the power stroke. 

In Fig. 260 the valve cage fits into a bored 
recess in the cylinder head with the spray 
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orifice flush with the inside of the combustion 1h 
chamber. peer a 
The valve consists of a long stem and coni- Air 
cal head. The valve is forced downward & <A Filler and 
against the seat by the closing spring at the WN \S Sad abated 
top. N N \N N Filler and 
Compressed air at 1000 psi or more enters N NZ aS e guide” 
a drilled hole in the cage and fills the interior N NY ON Valve; 
except as far as the space is taken up by the ' NY dN 
filler and extension guide and the oil spacers NU IN Spacers 
and disks. The disks have numerous small y : UN Oil Discs 
drilled holes. ag 
Between injection periods oil is pumped GN Z 
P é eI ~ Cone Nozzle 
into the oil passage at the left and covers part ZA\~ valve Head 


or all of the disks and the cone nozzle. The Spray Orifice 
valve head prevents escape of oil or air into Fie, 260: Diesel Spray 
the combustion chamber. Engine. 

When the valve lever lifts the valve just 
before the beginning of the power stroke, the compressed air drives out 
the oil in the narrow space around the disks, through the orifices in the 
disks and through the slots in the cone nozzle, finally emerging from the 
spray orifice with a fairly evenly distributed charge of atomized oil. 
Leakage of air past the upper end of the valve stem is prevented by a 
stuffing box. 



































































































































496 STEAM AND GAS ENGINEERING 
In another air spray valve of the same general construction as Fig. 260 
the oil charge for each cycle is dropped into an annular pocket at 
bottom of the valve where it is steadily exposed to the maximum 
injection pressure even when the spray needle is in the open positio: 
The injection air, rushing past an annular orifice leading from this poe 
is under reduced pressure due to throttling and the oil in the poe 
under the higher pressure is sprayed into 
moving injection air and carried into the co 
bustion chamber just as the gasoline is spra 
into the air stream going through the Ven 
of an automobile carburetor. 

In another type, illustrated in Fig.261, oil 
deposited in a pocket at the entrance of the 
jection air passage leading into the combusti 
chamber, and beyond the seat of the spray valve. When the spray valy 
is lifted from its seat the compressed air sweeps through the oil poe 
atomizing the oil and carrying it into the combustion chamber. 
advantage is that by pumping the oil in during the suction stroke, the 
pump is relieved from high pressure. 

(b) Three-Stage Air Compressor.—For the fuel-injection system 
Diesel engines using air to atomize the fuel, there is re- 
quired a fuel pump discharging against a maximum 
pressure of more than 1000 Ib per sq in., an air com- 
pressor with a free air capacity of 10 per cent of the 
total displacement of the power pistons, also delivering 
against a pressure of 1000 Ib per sq in., an injection 
valve and a system of governor control. 

The air compressor is the largest and most expen- 
sive part of this equipment. It is usually three-stage. 
In Fig. 262 a stepped piston with three diameters, a, b, 
and c, is shown. 

The downward motion of the piston draws air at 
atmospheric pressure through the inlet valve, shown 
at the right, into the large cylinder A, formed by the 
diameters a and ec. 

Upward motion of the piston first compresses this 
air to about 50 Ib per sq in. gage and then discharges 
it through the valve at the left to a passage leading to the bottom af 
cylinder B, formed by diameters a and b. Thus B becomes filled wi 
air at this pressure. 


Injection 
Air 







Combustion 
Chamber 





Spray Valve 
Fie. 261. Ideal Section— 


Atmospheric-Pressure Injec- 
tion Valve. 


Fia. 262. Ths 
stage Compressor 
Diesel Air Injection, 
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On the next downward stroke the compressed air in B is further com- 
pressed to say 250 psi gage and then discharged through the valve below 
and to the right, going upward into cylinder C, which thus becomes filled 
with air at 250 psi gage on its suction stroke. On the next upward 
stroke the air is compressed in C to say 1000 or 1200 Ib per sq in. and then 
discharged into a receiver. 

Each of the three compressions heats the air and condenses out some 
of the moisture. This affects lubrication unfavorably. Disastrous 
spontaneous explosions due to ignition of the vapors of lubricating oil in 
high pressure compressors, have occured. It is therefore necessary to 
cool the air and remove the condensed moisture after each of the compres- 
sions, including the last, after the air leaves the high pressure cylinder for 
temporary storage in air flasks. Any disturbance in operation that per- 
mits air under high pressure to leak through the suction valve of that stage 
back into a lower stage, to be again compressed, will result in dangerous 
overheating unless the intercooler between stages is very effective. 

351. Mechanical Injection, Airless Injection or Solid Injection—The 
three terms have the same significance. Introduced many years after 
air injection, mechanical injection is now the usual type in Diesel engines. 
The essential parts are: (1) a governor-controlled pump which measures 
at a low pressure the precise amount of fuel oil per charge per cylinder 
needed to carry the load on the engine; (2) an injection nozzle which 
atomizes this oil charge and delivers it as a high velocity spray into the 
combustion chamber of an engine cylinder. In vertical Diesel engines 
the pump is usually down near the crank shaft and the nozzle is in the 
cylinder head, a considerable distance above, with as much as twenty 
feet of tubing between the two. At least one well known Diesel, how- 
ever, has the pump and injector for each cylinder combined in a single 
unit. As injection begins, each combustion chamber is filled with air 
which has just been compressed to from 300 psi to 500 psi by the piston. 
As the last drop of fuel in each charge leaves its nozzle to enter the com- 
bustion chamber, the latter may be filled with the products of combustion 
with a smaller amount of excess air. The pressure in the combustion 
chamber will have gone up to between 700 to 1000 psi. These terminal 
conditions must be taken into consideration in nozzle design. 

In the air injection type nozzle, cam action withdraws the needle 
opening the orifice and starting injection, and spring action pushes 
down the needle, closing the orifice. With mechanical injection the 
needle is operated hydraulically by the same oil pressure wave, coming 


‘from the pump, that sprays the oil from the open nozzle into the combus- 
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tion chamber. There are many varieties of nozzle. In many, the 
pressure lifts the needle in an inward direction from its seat. In oth 
the oil pressure pushes the needle outward, away from the nozzle 
into the combustion chamber. 

352. Spray Nozzles.—The Ex-Cell-O nozzle, built by the Ex-Cell 
Corporation of Detroit, Michigan, is of the latter type. Fig. 263 sho 



















at ve - | a Be 







Ee ToT ICR G YS 
SSSSSSSy4 
iunannnnee 
ee ee ee 
| 


S Ssboblotel7 
bh, 


duran 


SN 






7/ 
; 
| 
A 
Ce 


| 





Up; 


Fig. 263. Nozzle Tip. 
(Courtesy of The Ex-Cell-o Corporation.) 
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Fic. 263a. Pintle Spray Tip for Excello Nozzle. 


the nozzle-tip assembly including the conical, powder-metallurgy fil 
through which all fuel oil must pass to enter the cylinder, the orifice pla’ 
the pintle and pintle seat, the spring, spring hanger and the sle 


The nozzle-nut retains the nozzle-tip assembly and when screwed dow 


forces the nozzle-tip assembly into and tightly against the holder b 
as shown in Fig. 264. The nozzle-holder body is clamped against 
cylinder head with the nozzle-tip assembly extending inward far enou 
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to bring the outer surface of the orifice plate flush with the inner surface 
of the combustion chamber. 

The pintle is held back at its inner end by the joint formed between a 
conical shoulder formed on the inner end of the pinile and a conical recess 
in the diaphragm extending across the middle of the spring hanger. This 
conical recess in the diaphragm is cut 
into by two larger diameter holes, leav- 2 
a Bod, Ass’y 
ing ample surface however to hold the E . — 
pintle firmly into the holder, making | 
the two act as a single rigid body. 

The spring hanger, in turn, is 
pressed back by the helical spring 
whose other end abuts against the ori- 
fice plate. The pintle has a spheri- Tube Nut Sleeve 
cal seat formed on an enlargement Fi. 264. Nozzle Assembly 

$ : : "i : Cross-Section. 
which is lapped in against a mating 
spherical seat formed in the nozzle-tip seat. Beyond the seat, the pintle 
has a cylindrical portion of considerable length to center it in the orifice 
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Spray Orifice 
Fie. 265. Single-orifice Injection Nozzle. 


plate. A steep and narrow conical end of the pintle fits, but is not lapped 
into @ corresponding recess in the orifice plate. At partial load on the 
éngine, a narrow annular spray shoots out around the conical flare on the 
































































































































500 STEAM AND GAS ENGINEERING 
pintle, maintaining the maximum surface of contact of the spray with 
air in the combustion chamber. At heavy load, the spring hanger 
forced far enough forward against the spring pressure to take up the pl 
of a few hundredths of an inch between the hanger and the sleeve- 
extension of the seat. ) 

At the instant the spray begins, the spring force must be equal to t 
lic force pressing the pintle out, less the compression press 


hydrau In the case of the inwardly-openi 


pushing the end of the pintle back. 


pintle or needle, on the contrary, the spring force must equal the sum 


the hydraulic pressure plus the compression pressure. 
Fuel Inlet 





Fra. 266. Multiple-orifice Injection Nozzle. 


As the spring is the heaviest moving part, all of the moving parts 
be made lighter, making an appreciable diminution of the inertia fo 
and a quicker response to the hydraulic impulse coming from the p 
and therefore a quicker response to governor action. 4 

Another advantage of the outwardly opening pintle or needle is 
it obviates all leakage from the nozzle, thus eliminating the necessity 
having a mass of leak-off lines running back from the nozzle to the pu 
A perspective cutaway view of the nozzle tip is shown in Fig. 263. 

Figure 265 shows a diagrammatic section of a single-orifice injec 
nozzle with inwardly opening needle. A helical spring presses the n 
onto the lapped seat, closing off the orifice. Oil pressure from the p 
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enters through the fuel inlet passage and acting on the annular area 
a/4(A* — B?) lifts the needle from its seat and permits the fuel oil to 
be sprayed into the combustion chamber through the orifice. When the 
pump delivery ceases the spring again forces the needle onto its seat and 
the spray stops. Fig. 266 is a diagrammatic section of a multiple-orifice 
nozzle of the same general type. This gives smaller droplets, greater 
surface exposure of oil and air, but smaller penetration. 

By forming a small pitch multi-threaded square-threaded screw ex- 
tending out to the diameter A and extending upward from the bottom of 
A, Fig. 265, to the bottom of the fuel inlet, the fuel oil will be forced to 
spin around the screw in the space between the threads, forming in effect 
a vortex. The high angular momentum imparted in this manner will 
persist as the rotating mass emerges from the small orifice. The violently 


rotating jet that emerges will fly off in all directions tangentially and form 
a fine spray. 








2 
Plunger at Top Position. Check 
Valve Closed. Correct Amount 
of Fuel in Plunger Chamber, 
Hot Air from Compression ing 
Being Forced Through Fuel 
Charge. 


7 
Fuel Check Valve Open. 
Plunger Moving Up and Fuel 
Entering Plunger Chamber. 





Plunger Movie Down Driv- 


asified Fuel Charge Into 
Combustion Chamber. 


Nia. 267. Injector Operation, Showing Delivery, Gasification and Injection of Fuel 


Used with Distributor Injection System of the Cummins Nozzle. 
(Courtesy of Cummins Engine Co.) 


Figure 267 shows three positions of the injection nozzle plunger in 


the Cummins Diesel engine. Position / shows the needle going up and 
luel being stored in the fuel passages of the nozzle during the suction 
wtroke of the engine. The second position, with the plunger at the top 
ol its stroke, shows hot compressed air being forced into and through the 
vil, already heated to a high temperature, during the latter part of the 
fompression stroke. Position 3 shows the plunger coming down at 
wbout dead center for that cylinder and forcing partly atomized, partly 
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gasified, and highly heated fuel into the combustion chamber in the foi 
of a fog of fine particles mixed with gas. 

353. Unit Pump.—Injector—With hydraulically operated sp’ 
nozzles, the injection pumps for all of the cylinders are usually plae 
in a single group or assembly close to the crankshaft where they may by 
operated either directly from the shaft, for two-stroke cycle engines, 4 
from a short pump shaft running at one-half engine speed for four-s 
cycle engines. This arrangement frees the cylinder head of shaf 
levers or other moving parts. 

There is an objection, however. Each of the spray nozzles, located 0 
the cylinder heads of the various cylinders, must be connected with th 
pump group at one end of the crankshaft by its own discharge tube. 1 
any engine, some tubes will be quite short others may be many feet lon 
The great length of some of the tubes, especially with high injection p 
sures, causes a delay in timing of injection and an irregularity in op 
tion of the spray due to the compressibility of the oil. The first porti 
of the delivery stroke is ineffectual because it is spent in compressing t 
oil and no delivery occurs. This is of importance with high oil inject) 
pressures and with high engine speeds. Not only is injection dela 
but powerful pressure waves are set up which persist during deli 
causing pulsations in the spray and which may even cause the spf 
valve to pop open again one or more times after it has closed. 

The delay in injection may be made uniform for all cylinders ¢ 
multi-cylinder engine by making the discharge pipes of equal leng) 
This is done by having one or more coils in all but the longest tub 
The pulsation and valve chatter may be eliminated by moving the inj 
tion pump up close to the spray valve. 

The unit pump-injector built by General Motors for their locomolt 
engines and marine engines is illustrated in Fig. 268. About half of f 
length of the pump-injector unit extends into the cylinder head with 
spray tip at the bottom flush with the surface of the combustion chambh 
The outer end of the unit is located near an operating shaft running a 
the top of the engine cylinder heads. The follower guide and plut 
seen at the top, are pressed down either directly by a cam or by af 
rod or roller lever, for each injection. The plunger spring returns 
plunger to the closed position. Delivery of oil at a high pressure, 
20,000 psi occurs during the discharge stroke which is downward 
suction takes place during the upward stroke of the plunger. There 
no separate valves for the pump, suction and discharge being contra 
by the plunger overrunning ports in the plunger bushing. ‘The 
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nozzle has a spherical check valve and a flat check valve to keep the nozzle 
filled with oil at all times and to prevent the entrance of gas or air f 
the combustion chamber. ie 
Governing is effected by movement of the rack by hand or by governor 
action. This movement rotates the gear and the pump plunger changi 
the timing as will be described later. rr 
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Fic. 268. Unit Pump—Injector. 
(Courtesy of General Motors Corp.) 


354. Fuel Injection Pumps.—The Bosch fuel injection pumps, built 
hy the United American Bosch Corp., are used on the Diesel elisha: of 
many manufacturers. Fig. 269 is a phantom view of an American-Bosch 
self-contained injection pump for a six-cylinder engine. The cam-shaft 
drive attaches at the extreme right of Fig. 269 through a non-flexible 
udjustable coupling. The six plunger and barrel assemblies (see sao 
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Fig. 270), can be seen above the cam followers and the adjustable tapp ; 
assemblies, surrounded by their respective return springs. The sb 
fuel-delivery lines, to the spray valves in each cylinder leave from th 
top of the pump. The whole pump is contained in an aluminum allo; 
housing. At the extreme left of Fig. 269 is the governor mechanism 









not 110u 


100 
Fic. 269. Phantom View of a Bosch Six-Cylinder Fuel Injection Pump, 
(Courtesy of United American Bosch Corp.) 


used in this particular pump, which through the action of centrifugal 
operated masses moves the double crank arm. In the extreme top 
of this arm, the horizontal control-rod rack is connected. This 
meshes with the toothed segment (see Fig. 270 for detail) which can ma 
through a small angle in either direction under the action of the 
The control sleeve 107a in Fig. 270, carrying the toothed segment 107 
slightly turns the plunger which action controls the amount of 
delivered. 
Figure 269 and 270 show in detail how turning the plunger con 
the oil delivered. In Fig. 270 the space above the plunger and be 
delivery line check valve (106b) is open to the fuel supply through the 
ports shown just above the top of the plunger. As the plunger (If 
is forced up by the cam-shaft drive, these inlet ports are closed 
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the rising plunger puts the trapped fuel oil under a pressure sufficient 
to open the check, valve 106 and then send it through the delivery line 
and spray valves into the engine cylinder. 
Delivery continues until the helix on the 
plunger starts to uncover the by-pass port 
shown at the middle right of Fig. 270. When 
this occurs, the oil trapped above the plunger 
drops to suction pressure, oil delivery ceases 
and the check valve on top closes as the pres- 
sure beneath it is reduced. Fig. 271 is a detail 
of the inlet and by-pass ports showing the top 
part of the plunger with its groove and helix in 
relative operating positions. 

These pumps run at one-half crankshaft 
speed in 4-stroke cycle engines. The smallest 
size standard pumps can operate at 2000 rpm 
and the largest size at 1000 rpm. Each such 
pump at its respective maximum speed re- 
quires about $ hp for the smallest and about 5 
hp for the largest in the six-cylinder combina- 
tion. The maximum injection pressure should 
not exceed 3500 Ib per sq in. in the small size 
or 5500 in the largest size. Each pump plunger can supply fuel for given 
engine cylinders having a minimum displacement of 45 cu in. to a maxi- 
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Fic. 270. Sectional View 
of Bosch Fuel Injection Pump 
Element. 
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Fras. 271. Sectional Views of Plunger Positions of Bosch Fuel Injection Pump. 


num displacement of 750 cu in. with 4-stroke cycle engines and corre- 
spondingly about 75 to 1200 cu in. for 2-stroke cycle engines. Single- as 
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well as multi-cylinder units are available and they are suitable for both 


Diesel and spark-ignition engines equipped for fuel injection. 

355. Ignition and Combustion.—Though the relatively cool fuel 
is injected in a finely atomized state near the end of compression, it a 
not ignite instantly. There is a period of quiescence or lag during whi 
the hot compressed air forming the cylinder charge heats up the sp 
as the two are mixed, during which some evaporation of the surface 
goes on. Some preliminary chemical action not associated with a 





90 75 60 45 30 15 TDC 15 30 45 60 75 90 
Crank Angle 


Frc. 272. Ignition Temperature, Compression Temperature and Ignition Lag. 


ceptible rise of pressure or temperature is probably proceeding during 
delay period which may last while 25%, 50% or even while the entire 
charge is injected. Oil particles of nearly the same maximum tem 
ture and period of maturity of preparation for ignition are scat 
through the air so that after one drop that happens to be ready an ins 
before any other is ignited other foci of combustion form almost instan 
at scattered points. 
Thereafter uncontrolled combustion spreads at an accelerating 
from these points until flame fills the combustion chamber. In most 
injection is still continuing and the remainder of the oil injected ia 
nited at the same rate as it enters. This action divides the inj 
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period into three parts: (1) the quiescent period, (2) the period of un- 
controlled combustion, (3) the period of controlled combustion. 

Experiment has shown that the ignition temperature of a fuel is 
lower, the denser the air. That is, it is a function of p/T. In Fig. 272, 
the pressures, temperatures and densities of the charge in the cylinder 
of a Diesel engine during compression are plotted against crank angle. 
The experimentally measured ignition temperatures for air at the corre- 
sponding crank angles are also plotted. No ignition is possible before 
the air temperature curve crosses the fuel ignition temperature curve. 
Evidently the ignition lag period must decrease as the excess of air 
temperature over ignition temperature becomes greater. As increased 
compression ratio increases compression temperature, it should decrease 
ignition lag and experience confirms this. Turbulence of air movement 
or increase of spray velocity have the same effect. Turbulence increases 
with rpm and ignition lag decreases so rapidly with increased engine 
speed that an engine designed for turbulence may have an ignition lag 
measured in degrees of crankshaft rotation which is less at a high speed 
than at a low speed. That is, the lag in seconds varies inversely as the 
speed of rotation. It is also desirable to use a high compression ratio 
with a high speed engine on account of the effect of compression in 
reducing lag. 

356. Starting and Reversing.—Diesel engines and heavy oil engines 
are generally started by compressed air admitted by timed valves at the 
beginning of the power stroke of each cylinder. Admission of air lasts 
about one-sixth to one-fourth of a revolution. 

Single-cylinder engines must be barred to starting position. The 
usual type is four, six, eight, or more cylinders. The four-cylinder, four- 
cycle will require little barring and the six- or eight-cylinder engines gen- 
erally none. The two-cycle engine in this respect is generally equivalent 
to a four-cycle with twice the number of cylinders. 

The fuel injection of the cylinder or cylinders receiving compressed 
air must be shut off while starting air is admitted. 

When the engine has attained some speed the starting air must be shut 
off the cylinders all together or in turn, and the fuel injection started in 
corresponding order. 

To do this in the minimum time and to eliminate mistakes of the 
operator, an automatic or semi-automatic starting device must be used. 

The same compressed air that is used to propel the power pistons may 
be used to close off the fuel injection device and to operate the air-starting 
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admission valves. In addition a manual control is practically always 
used, thus making the whole operation semi-automatic. 

For smaller engines the pneumatic operation of the air-starting valves 
and control of fuel injection is replaced by a manual control. The timing 
of air-starting valves must be automatic, however, in all multi-cylinder 
engines. 

For example, a six-cylinder, single-acting, four-cycle engine gives six 
power strokes to two revolutions, 720°; or a power stroke every 120°. 

Three pairs of crank pins must be in line. Numbering the cylinders 
1 to 6, along the shaft, a common construction places, in line, the pairs: 
land 6;2and5;3and4. For greatest uniformity of torque the “explo- 
sion” intervals must be equal. Eight different firing orders will accom= 
plish this. The often-used firing orders 1, 5, 3, 6, 
2,4 and 1, 4, 2, 6, 3,5 both avoid firing adjacent 
cylinders in sequence. 

In Fig. 273 the numbered ports, called cylinder 
ports, communicate with automatic check valve! 
opening into the cylinder heads of the correspond= 
ingly numbered cylinders. 

In this ideal arrangement, illustrated to show 
the principle involved, a distributing disk rotates at 
half the speed of the crank shaft. The opening A 
is supplied with compressed air. During the rotation of the disk, the 
passage B successively supplies this air to the passages 1 to 6, and so ta 
the corresponding cylinders, always at the beginning of the power strok@, 

’ If mechanical injection is used, the same motion of a control lever or 
hand wheel that admits air to A may also be used to cause all the fuel« 
pump suction valves to remain open, thus preventing the injection of f 
to any cylinder. The reverse motion which shuts off starting air from 
cylinders permits fuel injection to function for all cylinders. 

It is desirable to be able to shift the power cylinders from air-operati 
to fuel operation, either all simultaneously, or in groups of one, two 
more. ‘To accomplish this, a more complex manual control than the o 
shown is necessary. 

Also, the use of numerous large air pipes running from the distribul« 
ing disks to the cylinder heads is undesirable. The simplest alternative 
is to use pneumatically-operated air-inlet valves, with very small sit» 
operating tubes extending from the air-timing disk to the various 
starting valves. 





6. 
Fia. 273. Air Starting. 
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To reverse an engine promptly it is first necessary to shut off fuel 
injection to all of the cylinders; second, to quickly stop the engine; third, 
to start it in the reverse direction; and, fourth, to restore the admission of 
fuel with all valve timing changed. 

In four-cycle engines it is common to have two sets of cams on the 
timing shaft, one for forward motion and one for reverse motion. An 
axial movement of the shaft shifts one set of cams out of engagement 
with the lever rollers and the correct set into engagement. 

In two-cycle engines, with exhaust and scavenging controlled by 
cylinder ports which are overrun by the piston, the only cams required 
are for fuel injection and for air starting. By means of a shifting eccen- 
tric on the pivots of these levers, the required change in timing for for- 
ward and for reverse motion may be readily effected. 

357. Opposed-Piston Two-Cycle Engine.—The Fairbanks-Morse O-P 
engine was developed for locomotive use. It was then extensively used 
during the war for submarine propulsion. It is a multi-cylinder engine 
having from three to ten cylinders. Two pistons work in each cylinder. 
There are two shafts, one above and one below the cylinders. In each 
cylinder, the upper piston is connected by the usual connecting rod and 
crank to the upper shaft and the lower piston connected in the same way 
to the lower shaft. Connection between the upper and lower shafts is 
by bevel gears and a heavy vertical shaft. 

The cylinders are of true liner form, without cored passages. The 
cylinders are open at both ends and are very long, with ports near the 
upper and the lower ends. For the air entrance, which is located near 
the top, the ports have a somewhat tangential direction. This is in 
order to give a whirling movement to the air as it enters. This whirling 
movement is persistent and assists the dissemination of each oil spray 
and thus assists in increasing the speed of combustion. 

The combustion space is formed at the center of each cylinder when 
the pistons approach each other most closely at the inner dead center. 
Into this space just before the center, two nozzles inject highly atomized 
oil into the compressed charge which is still whirling violently. 

Power is transmitted from the lower shaft as indicated in the sectional 
side view, Fig. 274. As also shown in the same figure, the upper shaft 
drives the multiple spiral-lobe positive displacement type blower at 
about twice its own speed by helical gears in order to ensure a smooth 
and uniform motion. 

Both the side-sectional view, Fig. 274 and the end-sectional view, 
lig. 275, show a position near the outer dead center. The pistons appear 
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to be in phase, but actually the lower piston (and the lower shaft) is 
several degrees ahead of the upper one. By this means, on the power 





Fia. 274. Side Sectional View of O-P Engine. 
(Courtesy of Fairbanks-Morse Co.) 


Fic. 275. End Sectional View of O-P Engine (shown Lying on its Side). 
(Courtesy of Fairbanks- Morse Co.) 


stroke, the lower, exhaust piston opens the exhaust port far enough ahead 
for the pressure to drop to atmospheric by the time the upper (or scaven 
ing and charging piston) overruns the upper port. In the same way 
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exhaust port is closed first by the leading lower piston before the upper 
piston has closed the charging port. During the period of port opening 
the scavenging air under a pressure of several pounds per square inch has 
steadily pushed out the remaining burnt gas and refilled the cylinder with 
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Test results on 6000 SH P engine. Results shown do 
not include power required to drive the scavenging 
blower. 

Fra. 276. Operating Characteristics of Nordberg Engine. 
(Courtesy of Nordberg Mfg. Co.) 


a charge of fresh air at atmospheric pressure. This unaflow system of 
scavenging has great advantages in completeness of removal of the prod- 
ucts of combustion with a minimum of frictional resistance and a mini- 
mum of mixing of burnt gas and air. High mean effective pressure and 
high thermal efficiency should be associated with this feature of con- 
struction. 
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The usual sizes of cylinders develop 50 and 200 horsepower and the 
range of horsepower for the series of engines is 150 to 2000. 

The engine is self contained including the blower, the fuel pump, the 
lubricating oil pump and the water pump. The frame is of steel plates 
and forgings, which are welded together. The crankshafts are cast of 
chrome nickel molybdenum steel with plain bearings. 

Hydraulic governing is used with an overspeed governor. The fuel 
pumps include a service pump which draws the oil up from the storage 
tank and forces it through filters, and the individual injection pumps. 


Camshaft Bearings, 









































ystem of Main Bearings, Crank and Piston Pins, 











(Courtesy of Nordberg Mfg. Co.) 



































Oil from this system circulates through and cools the power pistons. 








Fic. 277. Section of Cylinder Showing Scavenging of Nordberg Diesel. 
(Courtesy of Nordberg Mfg. Co.) 


358. The Nordberg Marine Diesel Two-Cycle Engine.—The largoul 
Diesel engine made in this country is built by the Nordberg Mfg. Oo, 
Milwaukee, Wisconsin. This firm has been building Diesel engines for 
30 years. 

The TSM type has twelve 29 X 40 single-acting cylinders and is 
rated at 8000 brake horsepower when running at 160 rpm. It will carry 
8800 bhp continuously and 10,000 bhp for two hours of each 24. 

Figure 276 shows the operating characteristics of a 6000 bhp twos 
cycle marine Diesel engine built by this firm. The best fuel rate of 0.848 


Gears, etc. 














Fic. 278. Schematic Arrangement of Pressure Lubrication S 





















































































































































514 STEAM AND GAS ENGINEERING 


Ib Bunker oil per bhp-hr was made using a fuel of 18,345 Btu per Ib. 
average analysis of the Bunker C fuel oil used by these engines is: 




















SSU at 100° F 107.6 Asphalt, Hard, %, 13,2 
Gravity, Beaume at 60° F 11.5 Conradson Residue, %, 9. 
Flash Point, deg F 261 Higher Heating Value, Btu 18,345 
Sulphur, %, 0.82 per lb, 

Water and Sediment, %, 0.59 


Figure 277 shows a vertical sectional view of the cylinder and cylinde 
head, showing the construction of these parts and the scavenging a 


fuel economy of the engine ind 
cates that the scavenging system 
is effective. 

Figure 278 is a side section 
view of a complete engine. 
this type the blower is of 
double-acting reciprocating t 
whereas the 6000 hp engine usal 
motor driven centrifugal blowe! 
The power pistons are seen to ha 
oil cooled. 

359. General Motors 
Cycle Diesel Engines.—T 
series of these engines are built 
Cleveland: series 268A with 
inch bore and 7-inch stroke, 8, 4, 
and 8 cylinders in line, and se 
278A, a Vee type with 84-indh 
bore and 10}-inch stroke, 6, 8, 1 
and 16 cylinders, for horsepow# 
of from 600 to 2000. Th 
engines are suitable for auxili 
locomotive and marine use. 

Piston-controlled ports in the center of each cylinder admit scavengl 
air and poppet valves in the cylinder heads control the discharge 
exhaust gas. 

There is a positive pressure scavenging blower located at the end 6 
each unit and driven by gears. The blower has two rotors with helle 
lobes and delivers the air to a receiver in the form of a casing surroundit 
the middle portion of the cylinders. 





Fig. 279. Air Flow and Scavenging-General 
Motors 2-Cycle Diesel. 
(Courtesy of General Motors Corp.) 
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After the exhaust valves in the cylinder head have opened near the 
end of the power stroke and the cylinder pressure has dropped to at- 
mospheric the piston overruns the scavenging-admission ports which have 
a somewhat tangential direction and air under pressure enters and drives 
the products of combustion upward ' 
and out of the cylinder. The air 
has a swirling motion which perists 
throughout compression and assists 
mixture of the fuel spray with the 
charge. 

Figure 279 shows the action dur- 
ing exhaust-scavenging. Fig. 280, 
an end-sectional view of a Vee type 
engine, shows to the left a section 
through cylinder, piston on dead 
center, connecting rod and two of the 
four exhaust valves. To the right 
is seen an outside view of the lower 
portion of a cylinder liner with the 
scavenging ports, a section through 
the upper portion of the cylinder and 
the cylinder head showing the fuel 
injection valve and the air start- 
ing valve. The section through the 
piston shows part of the lubricating 
oil circulation with the method of oil 
cooling the piston head by oil flow- 
ing upward after passing the wrist Fy4, 280, Cross Section of Model 278A 
pin bearing and then away through Diesel Engine. 

a. passage to the right. (Courtesy of General Motors Corp.) 

Hydraulic governing is used. The sleeve of a centrifugal governor 
moves a pilot valve which directs the movement of a power piston 
operated by oil pressure. The movement of the piston is transmitted 
to the racks controlling the delivery of the unit pump injector described 
in Sect. 353. When the oil piston moves it also closes the pilot valve 
which started the piston movement. This compensating feature is 
essential. The compression ratio is 16 to 1. The fuel consumption is 
better than 0.45 Ib per bhp-hr. 

These engines are making a splendid record operating freight and 
passenger trains on the principal railroads in all parts of the country. 
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Fig. 281. The Alco Turbo-charged 1,000-hp. Diesel Engine. 


(Courtesy of the American Locomotive Co.) 





Fig. 282. Alco (Buchi System) Turbo-charger with the Top Casing Removed, 
(Courtesy of the American Locomotive Co.) 


' 
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360. Four-Cycle Diesel Engines.—Figure 281 shows a side view of 
a 1000-hp Diesel engine of the Alco turbo-charged type. Fig. 282 shows 
the turbo-charger of the same unit. The exhaust gases leaving the engine 
enter the space between the turbine (left) and compressor (right). With 
the addition of a small amount of back pressure, the induction pressure 
and the power of the engine are considerably increased. 





Fie. 283. International Harvester Diesel—Starting Mechanism. 


During the last decade many successful designs of small, high-speed 
Diesel engines have appeared. These have found use largely in driving 
trucks, buses, tractors, boats, generators, compressors and pumps. 
Speeds run from 750 to 2600 rpm, brake horsepower from 10 to about 500 
in the high-speed range, number of cylinders per engine from 1 to 8 for 
in-line units. Compression pressures run from 360 to 650 lb per sq in. 

Large, low-speed engines are started with compressed air or sometimes 
by using an attached generator as a motor. These methods are imprac- 
ticable with automotive units, but it is often possible to use conventional 
heavy-duty type, battery-operated starters or inertia-type starters. As 
compression pressures are much higher with Diesels than gasoline engines 
more sturdy starters are required for Diesels. Some Diesels are equipped 
with glow-plugs to facilitate starting. Glow-plugs resemble spark plugs 
in their method of insertion into the combustion chamber (see Fig. 286) 
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but instead of having a spark gap a small coil of resistance wire is con- 
nected between the insulated terminal and the grounded side of the plug. 
When starting, an external switch is closed which causes a current to flow 
through the plug wire which then rises to a glowing temperature and this 
hot wire aids the heat of compression in igniting the first few charges of 
fuel injected. The current is turned off as soon as the engine starts. 
The International Harvester Units 
(Fig. 283, 284, 285), built by the Inter- 
national Harvester Co. of Chicago, are 
Diesel engines which can be started as 
gasoline engines and then shifted to 
operating as Diesel engines. Hand 
cranking can be used as a separate 
low-pressure compression chamber iss 
brought into use during the starting | 
with gasoline. The engine is switched 
to gasoline operation for starting by 
turning the crank (1) in Fig. 283 10 
open valve (3) to the auxiliary chame 
ber (4). This changes the compréie 
sion ratio from the 15 to 1 ratio for 
Diesel operation to the 5 to 1 ratio for 
gasoline operation. The crank 
turning also moves the double-sea 
valve (7) to its upper seat at (9) 
The air supply, which passes throu 
Fra. 284. Fuel Injection, inter- the air filter into the passage at (8), 
national Harvester Diesel. can no longer go directly to the : 
manifold (11) but must pass through the gasoline carburetor (10). 
magneto operating the spark plug (5), coupled to the driving mecha 
by the same crank action, is ‘used to ignite the combustible mixt 
After the engine is started with gasoline, and 700 revolutions have 
curred, the rod (2) automatically releases the shaft on lever (1) and 
engine reverts to Diesel operation. When this occurs, valve (3) is seatoil 
by its spring and the chamber (4) is thus closed off, valve (7) moves tot 
lower seat and all of the air goes directly into the cylinder instead 
through the carburetor. 
Figure 284 shows particularly the fuel oil system for Diesel operati 
The fuel pump cam (9), operates a separate pump plunger (3) for 
cylinder, sending a measured fuel charge through a filter (5) to injee 








OIL ENGINES 519 


nozzle (6) which sends the atomized spray into the precombustion cham- 
ber (7). Here heat of compression of the air starts ignition and the partl 

burned mixture rapidly expands into the main engine cylinder : The 
movement of eccentric shaft (8) controls the time in the apward aiioke 
of the plunger (3) at which a by-pass valve in chamber (4) opens and by- 
pores surplus fuel oil away from the engine and back into the fuel tank 
The fuel supply pump from the reservoir is at (1) and sends fuel to phe 
injection pump suction valve in the cage at (2). : 





9 Pal 


Fig. 285. International Harvester Diesel, Partly Sectioned Side Elevation. 


Figure 285 is a partly sectioned side view of this engine, showing i 
particular the crankshaft, a piston, inlet and exhaust Jalves and fie 
pump assembly. These PD-40 International Harvester Power units 
are 4-cylinder, 4-cycle, 4% X 63 in. Diesel engines developing 62.5 h 
at 1250 rpm and using about 0.48 Ib of fuel per bhp-hr at rated tond mit 
speed, They are often governed for maximum speed but t 
varying speeds below the maximum. Hing seme 


Figure 286 is a section through a Waukesha-Ricardo Comet Diesel en- 
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gine of the high-speed type built by the Waukesha Motor Co. : This is & 
4-cycle engine, using a Bosch Fuel Pump (see Sect. 354) for injecting the 
fuel oil at 1250 to 2500 psi into the spherical combustion chamber 
shown. About 80 per cent of the intake air is forced into the chamber al 
end of compression stroke and the fuel injected into this swirling air is well 
mixed and combustion practically completes in this chamber. This s0« 
called “Comet” chamber is not a pre-combustion chamber but more truly 
a mixing and combustion chamber. A glow plug for use in cold starting 


OVERHEAD VALVES 


ALUMINUM 
PISTON 


GLOW PLUG - 
COMBUSTION | 


| LUBRICATION “@ 
OIL PUMP 





Fie. 286. Section of High-Speed Waukesha-Ricardo 
Comet Diesel Engine (100 bhp.). 


can be seen in the comet chamber. A 24-volt starting motor is used. A 
compression pressure of 550 psi is used and combustion pressures betwee 
600 and 750 psi occur. One model engine is 33 X 43 ine van 
rated 80 hp at 2600 rpm, another 6-cylinder 43 X 5% in. develops 1 
bhp at 2200 rpm and a larger 42 X 53 in. 6-cylinder engine develops 12 
bhp at 2200 rpm. Compression ratios are 17 to 1 on the two largest 
models and 18.5 to 1 on the 80 bhp model. ; 
The fuel-injection or spray valves used on these engines are of the 
Bosch pintle type. The fuel oil when put under sufficient pressure 
the fuel pump, hydraulically exerts enough force on the differential 
of the plunger to force the plunger off its seat at the sprayhole and the 
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then sprays through the single orifice into the cylinder chamber. The 
valve spring closes the valve when the pump pressure on the oil is lowered. 
These single-orifice, pintle-type valves have orifices of about zs in. in 
diameter and consequently suffer little chance of clogging. Pintle type 
orifice sprays are particularly well adapted for offset combustion cham- 
bers, such as the Comet chamber of this engine, and are used also for 
pre-combustion chambers on certain other engines. 

Spray nozzles similar to the above are also made with a series of fine 
holes ranging from 0.006 in. to 0.060 in. placed below the valve seat and 
through which the fuel sprays. This type is largely used with open com- 
bustion chambers. Hydraulic opening pressures for both types of nozzles 
range from 1000 to 4000 Ib per sq in. 


361. Problems.— 


1. A 14 X 17 in. 2-cylinder, 2-stroke cycle, Diesel engine running 257 rpm showed 
an indicated mep of 72 psi when the gross load on the testing Prony brake was 964 Ib. 
Prony brake tare was 64 Ib and the brake arm length was 4.5 ft. Find: (a) ihp, (0) 
bhp, (c) mechanical eff, (¢) brake mep. 

2. A 28 X 44 in. 2-stroke cycle 2200-rated horsepower Diesel developed 12.1 kwh 
per gal of fuel oil. Fuel oil used was 20° Baumé 19,000 Btu per Ib, and weighed 7.76 
lb per gallon. Generator efficiency is 91.5 per cent. Find: (a) Ib fuel per kwh, (b) 
thermal eff based on kw output, (c) Ib of fuel per bhp-hr based on horsepower delivered 
to generator, (d) thermal eff for part (c), (e) gal fuel used per hour when engine delivers 
2200 hp to generator. 

3. A 4-cylinder, 2-cycle 8} X 10 in. Diesel engine on test gave an average indicated 
mep of 65 when developing a brake load of 115 hp at 395 rpm; 27.5 lb of 19,450 Btu 
fuel oil were used in a 30 min test. Find: (a) ihp, (6) mechanical eff, (c) torque, (d) 
thermal eff based on bhp. 

4. A 2-stroke cycle, 44 54 hot bulb oil engine loaded on a Prony brake showed a 
net load of 24.6 lb at 540 rpm. Prony brake arm was 18 in. An indicator card of 
0.605 sq in. area, 2.2 in. length was obtained with a 160-lb indicator spring. Find: 
(a) bhp, (0) ihp, (c) mechanical eff, (d) bmep. 

5. A 4-stroke cycle, 22 X 30 in. six-cylinder Diesel engine runs 180 rpm and de- 
velops 1250 bhp. At full load 74.7 gal of fuel oil are used per hour. The fuel oil has a 
heating value of 19,400 Btu per lb, and weighs 7.82 lb per gal. Find: (a) Ib of fuel per 
bhp-hr, (6) thermal eff, (c) bmep. 


Answers. 


1. (a) 244, (b) 199, (c) 81.6%, (d) 117 psi. 

2. (a) 0.64, (b) 28%, (c) 0.436, (d) 30.7%, (¢) 124. 
3. (a) 139, (6) 82.7%, (c) 1530 lb-ft, (d) 27.3%. 

4. (a) 3.8, (b) 5, (c) 76%, (d) 33.4 psi. 

5. (a) 0.467, (b) 28.1%, (c) 80.3 psi. 



































CHAPTER XXIII 
THE GAS TURBINE 


362. Development.—In 1791 John Barber was granted an English 
patent on a gas turbine. Liquid fuel and air were ignited and burned 
at constant pressure in a combustion chamber and, passing through 
nozzle, the products of combustion were discharged through a single ro 
of blades in a rotating wheel. The work done on the wheel supp ied. 
power to drive the compressor, leaving power available for other purpose 

In 1884, Parsons, the famous steam turbine inventor, also took o 
claims on the gas turbine. Doctor Sanford Moss, consulting engineer 
for the General Electric Company, during his engineering career of abow 
a half century, was continuously active in the general field of centrifuga) 
compressors and gas turbines. As a product of that activity, the cer 
trifugal supercharger for airplanes, the centrifugal compressor for blas 
furnaces and the exhaust-operated gas turbine were developed to grem! 
importance by that company. 

Several applications of the gas turbine appear to be of steadily 
rapidly increasing importance. (1) The exhaust-operated gas turbiti 
for driving airplane superchargers grew to immense importance du 
the war. (2) The gas turbine for operating railroad locomotives appe 
to offer many advantages. (3) The gas turbine for supplying compres 
air for the furnaces of the Velox boiler has undoubted advantag 
(4) The gas turbine for supplying the blast for iron furnaces should ha! 
a wide field of service. (5) The gas turbine has assumed a dominatif 
position as the prime-mover for driving high-speed Jet-operated mili 
planes. 

363. Ideal Construction.—Figure 287 is a diagrammatic see 
through the gas turbine, upper left, compressor at center and burner 
combustion chamber below. The compressor is shown drawing in 
from the top. The air, at atmospheric pressure, passes axially to 
right through many pairs of fixed and rotating blades. The fixed blac 
are secured to the casing that surrounds the turbine and the rotatit 
blades are all mounted on a single rotor. This part of the turbine 
called the compressor and while passing through it, the air pressure 
raised to several atmospheres. ‘The operation is substantially adiaba 
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though irreversible, and the air temperature is raised by several hundred 
degrees. 

The hot air then passes, as shown by arrows, to the combustion cham- 
ber where it burns the oil being sprayed into it. Leaving the combustion 
chamber, the air temperature is still only 1200° F to 1600° F, the low 
temperature being obtained by using several hundred per cent of excess 
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Fic. 287. Diagrammatic Section Gas Turbine. 
(Courtesy of Allis-Chalmers Mfg. Co.) 


air. That is, whereas only about 15 pounds of air are required to burn 
one pound of oil, actually from 50 to 100 pounds of air are mixed with 
each pound of oil, so that the products of combustion contain about forty 
to eighty pounds of unburned air per pound of fuel burned. The hot, 
high-pressure gases next pass through several rows of blades in the turbine 
proper, doing work on the moving turbine blades of the rotor, and leaving 
the turbine still at a comparatively high temperature. The torque 
exerted by the gas on the turbine blades is enough to drive the compressor 
(on the same shaft) leaving a remainder which may be used to drive an 
electric generator as shown in the illustration or to do other useful work 
such as driving the propeller of an airplane. The shaft usually is de- 
signed to turn at several thousand revolutions per minute. 
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Figure 288 shows the same apparatus with the addition of a heat 
exchanger and with both high- and low-pressure turbines, an intercooler 
for the compressor and a reheater flame for the partially-cooled gases 
going to the low-pressure turbine. Though ideally they greatly increase 
the efficiency of the gas turbine, 
actually the gain has not always 
been great enough to warrant the 
increased complexity and cost. 
The inter-cooler undoubtedly re- 
duces the work of compression 
and the exchanger recovers some 
of the heat going to waste in the 
gases leaving the low-pressure tur= 
bine, utilizing this heat to raise 
the temperature of the gases going 


















































Fig. 288. Gas Turbine Regenerative Cycle. 
(Courtesy of Allis-Chalmers Mfg. Co.) 


from the compressor to the com= 
bustion chamber. The reheater 
between the high-pressure and 
the low-pressure turbine may be 


Fra. 289. 23,000 cfm Gas Turbine-axial Blower Unit, with Top Half Casing Removed. 
(Courtesy of Allis-Chalmers Mfg. Co.) 





able to restore the temperature of — 
the gases so that they enter the low-pressure turbine at the same tem- 
perature as that at which they entered the high-pressure turbine. 

The gas turbine described in this section is of the axial-flow type, 
This type was first extensively experimented with and developed to 
commercial success by the Swiss firm of Brown-Boveri. Their axial+ 
flow compressor, with its notably high efficiency, was an important ele 
ment in making possible the commercial success of the gas turbine. 

364. Construction of the Axial-Flow Gas Turbine (For use in a sta. 
tionary power plant.).—The mechanical construction of the complete 
turbine and compressor rotor with its casing is shown in Fig. 289. The 
turbine, with a few rows of blades, is to the left and the compressor, which 
has many rows of blades, is to the right. The output in this case iW 
compressed air instead of mechanical] power, so that only part of the air 
delivered by the compressor goes to the turbine. The compactness of 
the gas turbine may be judged by the fact that the relatively rugged and 
heavy type illustrated has the equivalent (energy imparted to the come= 
pressed air) of 10,000 horsepower. 

The blade construction may be seen more clearly in Fig. 290, whieh 
shows the compressor end of the rotor. The long curved blades slide 
smoothly under the quiescent air that surrounds the near end of the rotor 








Fic. 290. Rotor of Axial Compressor. 
; (Courtesy of Allis-Chalmers Mfg. Co.) 


525 

















































































































































































































al 


526 STEAM AND GAS ENGINEERING 


and give it a high velocity and also some increase of pressure. The 
surrounding casing, the upper half of which has been removed for the 
photograph, contains an equal number of rows of stationary curved 
blades. As the air in its general axial flow leaves a row of rotating blades 
on the rotor, it immediately enters one of the rows of stationary blades 
which are so curved that the air enters without shock. In these blades 


the air very quickly changes its velocity in a tangential direction to a 





Fia. 291. View of Gas Turbine. 
(Courtesy of Allis-Chalmers Mfg. Co.) 


much lower velocity in an axial direction. As a result of the passage 
through the rows of moving and stationary blades, the air is again nearly 
quiescent but is at a higher pressure. This process is multiplied by the 
number of double rows of blades. 

The rate of air flow is kept about constant at all power loads. Blade 
angles properly designed therefore ensure non-turbulent flow during 
compression and consequently almost uniform high-efficiency compression, 

Figure 291 is an enlarged view of the turbine end of the rotor. ‘The 
blade diameters are larger than in the compressor end and fewer rows of 
blades are used, thus shortening the length of the rotor. 
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Figure 292 is an outside view of the complete Gas Turbine Axial 
Compressor Unit. 





Fia. 292. Turbo Axial Compressor. 
(Courtesy of Allis-Chalmers Mfg. Co.) 


365. Ideal Power. Efficiency and Size.—(a) Figures 293a and 2936 
are PV and 7'S diagrams of the ideal cycle without regenerative heating. 
The process / 2 is the isentropic (reversible adiabatic) compression. 
The combustion with addition of heat at constant pressure is shown by 


3 





TS Diagram of Gas 


Fia. 293b. 
Turbine Cycle. 


Fic. 298a. PV Diagram of Gas 
Turbine Cycle. 
The isentropic expansion in the turbine 


the line 2 3 on both diagrams. 
The exhaust 4 1 is the rejec- 


is shown by the line 3 4 on the diagrams. 
tion of heat at constant pressure. 



























































































































































528 STEAM AND GAS ENGINEERING THE GAS TURBINE 529 








































The four processes are steady-flow. Neglecting, for simplicity, nina 
ple weight of fuel, and calling M’ the rate of flow of air (medium) ey 1 2 3 
Be opatiae ces Bo | cheat | oie 
. . = 77 = ‘ to: t F 2 ? 
Power Developed in Turbine = M’(h3 — hy) Btu per min. Shaty outer, a he 0 2184.3 3,193.8 
Power Absorbed by Compressor = M’(hz — hy) Btu per min. Fuel quantity, Ib per hr 1,812 4,388 = me ae 
‘ 2 Lb fuel per kw- F 5 : 
Power Input (Heat Supplied) = M’(h; — he) Btu per min. Thermal efficiency at shaft coupling 18.04 16.37 
: hy — h, qo For inlet temp 68°F, the efficiencies corre- 3,000 3,000 
Ideal Thermal Efficiency = 1 — *——? = 1 — 2%. spond to speed, rpm 
hs — hp qn Terminal output, kw 4,000 3,026 
Turbine inlet temp, deg F 615 998.5 890.5 
: ae iE 
For constant specific heat, this is 1 — —- 
P, CoMPRESSOR 
M’ has been used for both air flow through compressor and for the Test Number 1 2 3 
ucts of combustion in turbine because, in the Neuchatel tests, the weigh os a ai a 
2 F inlet, H : . 
of fuel was less than one per cent of the weight of air. Tone. = bar <td putt Fo 357.6 396.8 393.0 
(b) The volume of air per min per hp. The horsepower developed in Abs. pressure at comp. inlet, psi 14.056 14.056 14.056 
/ — ae “c Eek ‘ 7 
M'(hs hy) x Eff + 42.40 and the volume of “free air” used is M Aliie-pisandie at oemubt collet, pat 53.72 61.69 60.26 
where v; is the specific volume of the ambient air. Then the cu ft of f Pressure ratio ; is ae a Pan a 
air per min required per hp developed is: Weight air, lb per hr 496,43 ; , 
Adiabatic power, kw 8,650 9,710 9,660 
Wii 42.4001 Eihejahey (dadusting beating fist) 9 84.4 84.6 84.9 
~ (hs — ha) X Eft Coupling output, kw 10,250 11,480 11,380 
366. Test of 4000-kw Combustion Gas Turbine at Neuchatel.— Gas TURBINE 
classic test of the first commercial gas turbine was made at Baden, Switz 
land by Dr. A. Stodola. It was such an important demonstration of Test Number 1 2 3 
performance of the gas turbine that the essential results are abstrac Temp. at inlet, calcul. from fuel, F 627 1,025 917 
here. Temp. after gas ba : F oo oa ~ . 
: : 3 t turbine inlet, psi : ; i 
(a) Data.—The barometric pressure was 14.177 psi. The net ¢ Ane RRC erepe aoe a ; 
lower calorific value of the fuel was 18,257 Btu per Ib. er pa at turbine outlet, psi ie aie eee 
(b) Analysis.—The air-fuel ratio, idle operation, was 274 Ib/Ib. At Gas weight, lb per hr 498,248 495,602 501,996 
3 : : 
* load the ratio was 136 and at full load 113. The efficiency of the com Adinhatts tosiur; kee 12,000 17,725 16,460 
pressor in all tests was a little less than 85%, while that of the turbine Coupling output, kw 10,250 pags or merit 
averaged nearly 88%. The adiabatic temperature rise may be computed Efficiency from power, % 85.4 : : 
from the pressure ratio and the temperature of air entering. From this E T = Ser 
. : . . ree H BIN: 
the adiabatic power may be checked. The adiabatic power divided by 3 sic soit a Selita Piece obo 
the shaft power gives the efficiency of compressor or turbine. For the: Tot. eff. = comp. eff. X turb. eff., % | 72.1 74.8 75.0 
compressor only, the adiabatic temperature rise divided by the act 


temperature rise gives the compressor efficiency. 
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(c) The p-v relation in compressor and turbine.—A rather low prefs 
sure ratio for both compressor and turbine was used. In the compressor 
it was 3.82 idle and 4.38 at full load. The ratios are slightly less in the 
turbine due to drop in pressure from compressor exit to turbine entrané 
The equation pv” = C applied to the compressor gives a value of n, 1.4 
and for turbine 1.35. 

It is important to note that the rate of air flow was almost exactl} 
the same for all tests from idle operation to full load. This mode of ' 
operation kept the air moving on to the blades always at the same reliie 
tive angle, independent of the load. This practice is radically different 
from that which must be followed in the steam turbine which m' 
throttle the steam flow as the load on the turbine is reduced. The com= 
pressor is sensitive to a change in the rate of flow at constant speed in 
rpm. Violent vibration and serious disturbances will follow a considerabh 
change in the rate of air flow, unless the rpm are changed at the same time, 
The latter practice is out of the question except in starting and stopping, 

(d) Heat Balance.—The exhaust loss is readily computed from th I 
mass rate of flow of exhaust products and the exhaust temperature. 
radiation loss is then computed by difference. 


Heat BALANCE 








| Useful Work | Exhaust Loss Radiation Total 
Idle operation 0.0 87.7 12.3 100.0 
Full load 18.0 70.5 11.5 100.0 


The radiation loss is seen to be very much larger than in the ste 
turbine. ‘This is due to the high temperature from the oil flame wh 
extends into the turbine. Obviously the high pressure end of the turbi 
casing and shaft should have a design suited to the conditions encountered 

367. Performance of Stationary Gas Turbines in Actual Service 
(a) The General Electric Company has built and is building great numbe! 
of gas turbines for driving centrifugal compressors. It happens that tl 
air compressed by the centrifugal compressor (or supercharger) has & 
fuel oil (gasoline) injected into it which is later burned and returned to 
the turbine. The air carbureted with gasoline is not burned at the 
the gasoline is sprayed into it, but is first compressed in a reciprocatit 
gasoline engine cylinder, ignited, burned and expanded in this eylind 
and then reaches the turbine after a rather lengthy intermediate pro¢ 
ing. The gas turbine has become an auxiliary of the gasoline engi 
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This gas-turbine propelled centrifugal compressor is given the specific 
name of turbo-supercharger. 

The gas-turbine propelled centrifugal compressor that supplies com- 
pressed air for combustion in the Velox Boiler may be also given a specific 
name, the turbo-blower. A quite different piece of apparatus consisting 
‘ a steam turbine driving a centrifugal compressor is also called a turbo- 

ower 
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Output at engine shaft, hp 


a. Thermal efficiency in percent. 

b. Speed of turbine in rpm. 

c. Temperature of gases in degrees at turbine intake. 
d. Pressure of air after the compressor, in psi. 


Fie. 294. Operating Characteristics for Gas Turbine Locomotive. 
(Courtesy of Brown-Boviri Co., Ltd.) 


A very brief abstract of some of the most essential information accu- 
mulated by more than a year’s successful commercial operation of such a 
gas turbine built by Brown-Boveri of Switzerland is given using, Fig. 
294, 295. 

(b) Some Features of Expected Performance of a 2500-HP Gas 
Turbine for Locomotives.—This unit would be provided with a 200-HP 
Diesel generator group for starting the gas turbine; electric drive for the 
transmission to axles. Bunker-C fuel oil is used for normal operation of 
the gas turbine, but Diesel fuel oil is used for the Diesel engine and for 
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, . : ae Most of it must be absorbed in compression. For these reasons, and be- 
i b d until the Bunker oil is heated Aapoase oe ; 
yeni Je a eS are cause air friction losses are considerable, the net power of the gas turbine 
Figure 294 gives the operating characteristics, thermal efficiency, rp locomotive drops rapidly with higher atmospheric temperatures. 
gas temperature at entrance to turbine, pressure of air at exit from co 
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-28 86-8 0 ai um ped parauva Fic. 296. Fuel Rates and Efficiency, Gas Turbine Locomotive. 
as ee (Courtesy of Brown-Boviri Co., Ltd.) 
Fia. 295, Air Temperature and Efficiency and Fuel Consumption o} ; 
Gas Turbine Locomotive. Figure 296 shows the fuel consumption, fuel rate in lb per hp-hr, and 
(Courtesy of Brown-Boviri Co., Ltd.) thermal efficiency of the gas-turbine. The thermal efficiency is far less 
ressor for fractional loads and full load. The variation of speed than that of the Diesel engine, but the Bunker-C oil used as fuel is 
1800 rpm to 5200 rpm should be noted. much cheaper than Diesel engine oil. 
i 295 shows output, efficiency and fuel consumption in rela 368. Starting, acceleration, operation at fractional loads and stopping 
gure ? 


gas turbines are all matters of importance on prime movers of considerable 


to outside temperature for the compressor alone and for the gas tur al 


asa whole. With warmer ambient air, the turbine power dee 
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(a) Starting.—Where electric transmission is used, a storage batte 
starts the turbine, not directly, but by starting a Diesel engine. ‘This 
engine has enough power to turn over the gas turbine at about 30° 
of normal full-load speed. This operation lasts about five minutes whilé 
the exhaust of the Diesel (which operates from a small tank of Diesel 0 
heats the Bunker-C fuel oil for the turbine to about 175 to 200° F. 

(b) Acceleration.—For the locomotive which must make frequent 
stops, quick starting is important. Three methods are open, accordir 
to whether best thermal economy, best acceleration or a comprom 
between the two is adopted. For the best acceleration, the turbine I 
released from load until it reaches full speed. During this time of only 
a few seconds and during the subsequent acceleration of the locomotive 
the throttle is opened until the temperature of the gases entering 
turbine is about 100° F above the maximum permitted for continuotl 
operation. This gives the worst thermal economy for a brief period hii} 
gives the best acceleration. 

For the best thermal efficiency in starting, the gas turbine shoul 
gradually increase in speed from 30% to 100% during train accelerati¢ 
This gives the poorest acceleration. In the third method, the turh 
starts at 60% speed at the beginning of acceleration, gaining in sp 
during train acceleration. This gives good acceleration and econom 
For operation at fractional loads much better fuel economy will be ob 
tained if the turbine speed is suited to the load. 

(c) Stopping.—The gas turbine is stopped by shutting off the 
pump. A special turning-over device is then put in operation whi 
gives the shaft a half revolution every thirty minutes for six hours. 
is to prevent warping the shaft. 

369. Advantages of Gas Turbine for Locomotive Operation.— 

1. The gas turbine is air cooled. This disposes of water purifica 
water storage, boiler tube repairs, stops to take on water. 

2. It is smoke-free. The great excess of air used in combust) 
insures this. 

3. Repairs and maintenance are low. There is only one main moyl 
part. 

4, Vibration should be almost absent as there are no reciprocall 
parts. 

5. Reliability is very high and time out for repairs is almost # 

6. The cost of lubrication is extremely low, hardly more than t 
of an electric generator. 
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7. With electric drive or hydraulic drive the advantage of dynamic 
braking is important. 

8. The cost of fuelislow. Though it cannot nearly equal the economy 
of the Diesel locomotive, it uses cheaper fuel. 

9. It is light and compact. 

10. As its first cost is low (except compared with a steam locomotive) 
and its life should be long, the item for depreciation should be low. 

370. Field.—The gas turbine has established itself as especially 
adapted to supply large quantities of hot compressed air. The Velox 
boiler has combustion at pressures above atmospheric and there are some 
installations of large gas turbines in service furnishing the compressed air 
for this type boiler. 

In the Houdry refining process for the production of aviation gasoline 
large volumes of compressed air are required to burn off carbon deposits 
on the catalyst. Brown-Boveri in Switzerland and Allis-Chalmers in 
America have built large numbers of gas turbines to supply the air needed 
and utilize the energy in the high-temperature exhaust products from the 
burned carbon. 

The immense number of turbo-superchargers built for American 
avaiation engines has already been referred to. 

A promising field for the gas turbine is in supplying the compressed 
air used in blast furnaces for burning coke. The blast furnace gas would 
also have to be compressed if used as the fuel. 

For marine use the U. 8. Navy has already conducted experiments 
with the use of the gas turbine for ship propulsion. 

The gas turbine may be considered as motive power for driving the 
propellers of very large cargo planes of short range. For jet propulsion 
of airplanes it is best. 

A most promising new field for the gas turbine in the United States is 
probably its use as a motive power for railroad locomotives. 

371. The G. E. Jet Engine.—(a) History.—Both the English and the 
German military forces started development of the jet engine almost at 
the beginning of World War II. Early in 1941 Air Commodore Frank 
Whittle had tested out his jet engine in flight. The first American jet 
propulsion engine was built by the General Electric Company at Lynn, 
Massachusetts. The immediate production of the Whittle engine was 
decided upon September 4, 1941 

Twenty-eight weeks later the first unit was running in the test stand. 
October 1, 1942, a twin-engine jet fighter plane, the Bell XP-59A powered 
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by two G E Type I-A turbo-jet engines, made its first flight. Many 
changes in the Whittle engine were made. 

In May, 1942 this engine gave a thrust of 1200 lb at 16,500 rpm and 
sfe (specific fuel consumption)-lb fuel per lb thrust, per hr of 1.3 (ref 18). 

(b) General Features.—The most recent General Electric jet engine, 
Type I-40, in basic features still resembles the Whittle engine but has 
striking improvements (ref 18). 

Figure 297 is a cutaway side view of the turbo-jet unit that powered 
Lockheed’s P-80 Shooting Star. The front is to the left. Air enters 
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Fic. 297. The General Electric Jet Engine. 


(Courtesy of Aviation Magazine.) 


through a screen in circumferential inlets on both sides of the centrifugal 
compressor, passes outward through the blades of the impeller, and i 
directed backward in fourteen equally-spaced diffuser passages. It then 
flows through adapters arranged in the form of a cone to the fourtedh 
combustion chambers, one of which is shown in section at the top, her 
meeting the oil sprays from fuel nozzles. 

The hot gases of combustion meet in a common annulus or turbin 
nozzle ring containing 48 blades, which directs the hot gases on to th 
turbine wheel equipped with 54 buckets. The exhaust gases leaving 
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turbine buckets acquire a very high velocity in the exhaust cone or jet 
nozzle. 
It is the reaction of this jet that gives the thrust which drives the 
plane. 
PERFORMANCE AND Design Data 








Speed, 11,500 rpm 

Thrust, 4200 lb 

Fuel flow, 5070 Ib per hr 
Exhaust temp, 1300° F 

Jet diam, 18.2 in. 

Impeller diam, 30 in. 

Fuel nozzle size, 40 gph @100 psi 


Turbine nozzle area, 121.3 sq in. 
Turbine pitch diam, 22 in. 
Exhaust pipe diam, 21 in. 

Jet nozzle diam, 19 in. 
Maximum overall diam, 48 in. 
Overall length, 1014 in. 

Weight, 1820 lb 





The power delivered in thrust depends on the plane speed. At 420 
mph and 4200 lb thrust, this is 4700 hp, or a weight of 0.434 lb per hp. 


Fic. 298. Shaft and Gears of G.E. Jet Engine. 


(Courtesy of Aviation Magazine.) 


(c) Structural Features.—Figure 298 shows the shaft and the gears 
driving the accessories. The shaft is in two pieces, each supported in 
two bearings, a ball bearing to fix position, and a roller bearing. A 
coupling permits independent expansion of the two co-axial shafts. 

The impeller is a solid aluminum forging with milled blades having 
inlet sections bent to direct the flow of the entering air. It is shown 
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separately in Fig. 299. The blades are milled both to secure smooth air 

flow and to secure the perfect balance necessary to permit operation at 
more than 10,000 rpm. 

Figure 300 shows the turbine rotor construction and Fig. 301 shows 

the complete rotor with the gears for operating the accessories. The 

rotor disc is welded to the shaft and 

8-—_@ the buckets, which are of a special 

ae cobalt, chromium, nickel, molybdenum 


6-—_Gp alloy to retain high strength at tem 
5a peratures of 1500° F or more, are 
secured in slots in the disc and are als¢ 
-—&, welded. 
The air passes through the comb 
3 tion chambers in a few thousandths of 


second and careful design is requ 
to secure thorough mixing of the 
and the fuel vapor and complete com-= 
bustion -in that time. Fig. 302 is 
section through one of the fourteen com 
bustion chambers showing the arra 
ments for spraying in the liquid fuel, 
introducing the combustion air alon 
the entire length of the liner whieh) 
forms the actual wall of the comh 
tion chamber. This provides cooling 
the wall and thorough mixing of air ar 
fuel vapor. Air entering through nip 
merous small holes also provides 
minor turbulence which aids rapid com 
bustion. 

The fact that the axes of the 
combustion chambers lie on the surfaae 
Fig. age OE dot BepPelet of of a single imaginary cone results in the 

uladeee ails paren coalescence of these cones at a singl 

ring or annular slot. This directs 

high-velocity gases into the nozzle ring at the entrance of the rota 
wheel buckets. A smooth unidirectional flow is assured all the way f 
the diffuser exit to the entrance of the turbine blade ring. Of course th 
strong minor turbulence is also needed where air and fuel vapor mix, 





THE GAS TURBINE 539 


Enough torque is provided by the passage of the gases through the 
single row of rotating blades to drive the compressor and overcome fluid 
and bearing friction. But the gas leaving the turbine blades and entering 
the exhaust cone is still at a pressure much above atmospheric. Its 
temperature is also high. The gases are really entering a large nozzle, 
and, in dropping in pressure to atmos- 
pheric in a really reversible adiabatic 
flow, they acquire a velocity relative to 
the nozzles of between 1000 and 2000 
feet per second. The reaction which the 
mass of air offers to this rapid accelera- 
tion furnishes the thrust which drives 
the airplane. 

The rocket plane also owes its propel- 
ling thrust to the reaction of the jet of 
burning gases which are being ejected, 
but in the rocket plane no material is 
drawn in during flight. Everything dis- 
charged from the jet of the rocket plane 
was on the plane in solid, liquid or 
gaseous form, before flight began. 

In the jet plane, on the other hand, 
the fuel supply carried by the plane Fic. 300. Turbine Rotor of the G.E. 
forms only about one per cent of the PM Sy ea 
mass discharged in the jet. The bulk : 
of the jet is air, which must be drawn in during flight, accelerated by a 
part of the energy of combustion, and then discharged to the rear. 
The backward thrust or ram of this air as it enters the induction pas- 
sage (or as it makes the turn to enter the compressor) assists the 
operation of compression, retarding the forward movement of the plane. 
Substantially the same material, now called the products of combustion, 
leaves the exhaust or discharge nozzle at about 1000 to 1200° F, carrying 
away with it much of the energy of combustion as sensible heat. 

The V-1 Rocket plane was really not a rocket plane but, rather, an 
intermittent jet plane, with automatic valves opening to draw in air for 
combustion, closing during ignition and combustion, and automatically 
opening again to the rear to discharge an intermittent jet. 

Dale Streid’s article on the type I-40 jet engine (ref 18) also gives 
average sfc (lb fuel per hr per lb thrust) as 1.185, exhaust temperature 
1170° F, compression ratio 4.126, compressor discharge temperature 
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413° F, turbine inlet temperature 1492° F and air flow 79 lb per sec (or 
only 60 Ib air per lb fuel), all for 4000 lb thrust. 


\Oil pressure gage 1 Gear sef 
' 


H Vent 
' 








/ 
Lubricotion’ 
pump / x 
Magnetic drain plug! ‘Bayonet gage ond filler cap 
Fia. 301. Diagram of Complete Rotor. G.E. Turbojet Engine. 


(Courtesy of Aviation Magazine.) 
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Fia. 302. Turbojet Combustion Chamber. 
(Courtesy of Aviation Magazine.) 


372. The Westinghouse 19-B Yankee Turbo-jet. (From the descrip: 
tion (ref 4).)—This engine, shown in outside view in Fig. 303 and in 
longitudinal section in Fig. 304, is axial-flow and all-American in design, 
Its general principle of operation is the same as that of the Brown» 
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Boveri gas turbine described at the beginning of this chapter. But 
the problem of adapting the axial-flow engine idea to the airplane, a very 
difficult one, was completely solved in sixteen months. 





Fia. 303. Westinghouse Turbojet Engine. 
(Courtesy of Aviation Magazine.) 


The oil cooler is in front, followed by the axial compressor, combustion 
chamber, turbine and exhaust nozzle. In this engine a single annular 
combustion chamber is used, instead of the Whittle multiple combustion 
chamber. The problem of mixing fuel and air is more difficult, but fluid 
friction is less and the correct flow of air to the compressor blades ap- 
pears to be solved with almost ideal perfection. 


Some GENERAL SPECIFICATIONS 








Performance Dimensions 
At 500 mph, 1500° F turbine inlet temp Length, 104} in. 
Thrust, 1125 Ib Dia, 203 in. 
Air flow, 38 Ib per sec Weight, 826 Ib 


Max temp, 1500° F 
Normal temp at nozzle, 1200° F 





Full information on design is available. 

373. Types, Materials, Performance.—(a) In addition to the types 
described the gas turbine may be combined with a propeller by extending 
the rotor in front of the plane and using additional rows of turbine blades, 
thus either partially or completely eliminating the thrust of the jet. It 
is quite possible that very large airplanes may be built using such a 
combination. 
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Fic. 304. Longitudinal Section. Westinghouse Yankee Turbojet Engine. 
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Another proposal is the combination of the reciprocating gas or gaso- 
line engine for the high-pressure temperature end with a gas turbine for 
low temperatures. The turbo-supercharged airplane engine is a special 
case of this type. 

(6) The Subcommittee on Heat Resisting Alloys of the National 
Advisory Committee for Aeronautics has investigated at least one hun- 
dred new alloys during the war. The War Metallurgy Committee and 
the National Research Council have worked extensively in this field. 

The Haynes Stellite Co. of Kokomo, Ind., a unit of the Union Car- 
bide and Carbon Co., has developed some of the chromium-cobalt- 
tungsten alloys, especially as modified by replacing tungsten with an 
appropriate amount of molybdenum (ref 20). This is difficult to forge 
and machine. A molding and casting process was developed by the 
Austenal Laboratories, Inc. and Carbide Chemicals Corp., obtaining 
buckets of the desired shape and close to the size so that they may be 
finished by merely “touch” grinding. This alloy has average short-time 
tensile strength of 65,000 psi at 1500° F. 

(c) While complete data are not yet available for accurately predicting 
performance, comparative efficiencies may be computed by assuming 
values for compressor efficiency, turbine efficiency, jet efficiency, pressure 
losses and heat exchange effectiveness. Dale D. Streid in the February 
1946 issue of Mechanical Engineering gives probable values for these 
items and computes specific fuel consumption with various compression 
ratios and turbine inlet temperatures, effect of regenerators, propeller- 
jet combination specific fuel consumption and other related studies. 


374, Examples.— 


Exampte 1.—Gas turbine. The compressor receives air at 500° R and atmospheric 
ressure, 14.7 psi. The compression is reversible and adiabatic to 5 atmospheres. 
uel supplied heats air to 1500° R. Turbine expands air reversibly and adiabatically to 

1 atmosphere. Find: (a) temperatures at exit from the compressor and from turbine, 
(b) thermal efficiency, (c) lb air per lb fuel if net heating value of fuel is 18,500 Btu per lb. 

Solution.—Using Table of properties of air and remembering that h gives enthalpy 
of air and that s, gives entropy of air heated at constant pressure, 
in isothermal expansion is B/778-log. pi/p2, we have: 


(a) 0 = 82 — 81 = 8p2 — 871 — B/778 log. 5. Then Sp2 = — 0.02003 — 0.11029 
From this sy2 = 0.13032 and the table gives 7’, = 790° R and t = 330° F. 
Similarly, sp, 1500 — Sp1 = 0.11029, for the same pressure ratio. 

Then spy, = 0.29206 — 0.11029 = 0.18177 and 7, = 974° R, ort = 514° F, 

(b) Work of cycle = 2s — gar = hs — hy — (hy — hi), 

and from Table w = (259.5 — 79.5) — (124.7 — 9.6) 
Then, efficiency = 64.9 + 180 = 36.1%. Ans. 


(c) Air per lb fuel = 18,500 + 180 = 103 Ib/Ib. Ans. 


also gain of entropy 


= 64.9 Btu/Ib 























544 STEAM AND GAS ENGINEERING 







Examp.e 2.—The same except the compression efficiency is 80% and the turbi 
efficiency is also 80%. 


Solution.— 


(a) For 80% eff, he — hy = = 87.4 and h» = 97.0, 


whence, from Table 7’; = 862° R, te = 402° R. 
For 80% turbine eff, h; — hy, = (259.5 — 124.7) X 0.8 = 107.8, and hy = 151.7 
Ts = 1082° R, t, = 622° F. 


(hs — he) — (by — hi) 


79.5 — 9.6 


259.5 — 97.1 — (151.7 — 9.6) 


te: Waleht of alr cied = 50 wm AUB si. Ane. 
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CHAPTER XXIV 
COMPRESSION AND REFRIGERATION 


375. Compression.—General.—The compressor differs from an engine 
in that it receives mechanical energy and uses this energy to draw in, 
compress to a higher pressure and deliver the compressed gas or vapor. 
The compression may be ideally adiabatic or isothermal. Actually, the 
compression usually approximates a polytropic with the value of n 
greater than k in nearly all centrifugal compressors and with n less than 
k in reciprocating compressors. 

The work of compression is always given by the steady-flow energy 
equation: 


eS oar 2 
w = 778(h, — hy) + ee + heat rejected (in ft Ib) (1) 


w is work per pound in ft-Ib, he and hy are enthalpies in Btu per Ib, leaving 
and entering. 


Exampte 1.—A compressor delivers 100 Ib per min of air at 80 psig an hs 
receiving the air at 14 psi and 80°F. The compressor loses 3000 Btu ie Bis sehr Bhol 
The suction pipe is 12 in. inside diameter and the discharge pipe is 4 in. inside diameter. 
The specific heat of air remains at cp = 0.24 Btu/lb deg F. Friction losses external to 
the cylinder absorb 6% of the power supplied. 

Find: (a) air velocities in fps, (b) kinetic energy of air entering and leaving in ft Ib 
per lb and in Btu per Ib, (c) air enthalpy increase in Btu per lb, (d) work to drive the com- 
pressor in Btu per lb, (e) power to drive the compressor in hp. 


Solution.— 
(a) 1 = Tie = O57 0 = 14,28 cu ft per lb. 
she ogre + 4m) {8 = 3.165 cu ft per Ib. 
V, = OX AS XE _ 303 fps. Ane, 
V2. = 200 S165 X 1A = 60.4 fps. Ans. 
_ (30.3)? 


(6), (ke), 





elie oe a 14.29 ft-lb/lb = 0.018 Btu/lb. Ans. 


(ke)2 = 56.8 ft Ib/lb = 0.073 Btu/Ib. Ans. 
545 
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(c) he — hy = 0.24(300 — 80) = 52.8 Btu/lb. Ans. 





3000 
By eq 1, without friction, w = 52.8 + (0.073 — 0.018) + 00 7 82.8 Btu/Ib. 
w 82.8 ; ‘ sts 
[00 — 0.06 ~0.94 = 88.1 Btu/lb, including friction. Ans. 
(e) Power to drive = des = 208 hp. Ans. 









(33000 + 778) = 42.40 


376. Ideal Compressions.—Figure 305a and 305b show, on PV and 
TS diagrams, three compressions—isothermal, isentropic, irreversib 
adiabatic. 

For isothermal compression, the cycle work is measured by the area 
al2ba on the PV diagram. For the reversible adiabatic, the cycle work 
area isal2’ba onthe PV diagram. For the irreversible adiabatic, which is 
likely to be met especially with centrifugal and with rotary compressors, 





b a g 


Fia. 305b. 7S Diagram Showing the 
ference of Three Compressions, 


Fria. 305a. I 
Difference of Three Compressions. 


PV Diagram Showing the 


the cycle is a12’’ba. Fluid friction and turbulence absorb an unkn 
amount of energy. This renders it inadvisable to estimate work f 
the diagrams. 

With no friction and without kinetic-energy, if the compression 
reversible, the work of the compression cycle may be computed from 


card or diagram as, 
2 
w= f VaP: 
if 


For computing the comparative performance of ideal cycles, it 
usually satisfactory to assume specific heat constant. But for 
computation, variation of specific heat must be taken into account, 
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377. Irreversible Adiabatic Compression.—For low pressure ratios, 
the centrifugal fan is generally used. For considerable variations in the 
rate of flow of the air or other medium through the fan, impact and 
turbulence can hardly be avoided, especially at entrance to the fan blades. 
Impact losses also occur as the gas slows down after leaving the blade 
tips of the fan. The PV diagram is therefore not a measure of the entire 


flow of energy that is taking place from fan blade to gas, and f VdP does 


not give the work of the compression cycle. 

Figure 306 is a diagrammatic section through the impeller and casing 
of a centrifugal fan. The gas enters through a cylin- 
drical passage into the center of the casing. It then Qy 
passes outward through the rotating blades, which are (1 
usually straight and radial. It leaves the impeller at a 
high tangential velocity, with a relatively small radial 
component. Due to centrifugal force, the pressure in- Vv 
creases by a small amount during the passage of the gas d 
through the fan blades. The fan casing, beyond the 
blades is formed as a volute of gradually increasing 
cross-section and in this volute the gas slows down 
while its high velocity is converted to flow work as far 
as possible. Impact losses are quite severe, however with the associated 

conversion of kinetic energy to internal 


Fie. 306. Sec- 
tion Through a 
Centrifugal Fan. 


eee (heat) energy instead of to pressure. 
re Neglecting the variation of v, the specific 
ar volume in the blades of the fan, the increase 
of pressure in the impeller is found to be: 
V2 — V2 
ae — i) pe 
Pe Pi 2Qgv (3) 


To this pressure is to be added the pressure 
due to the conversion of the velocity, Ve to 
pressure. ‘The total pressure head due to the 
fan is ideally: 


b= Po =“. (4) 


For a fuller discussion, see footnote (*). 


Fie. 307. Particle in Cen- 
trifugal Compressor. 


* Calculation of Pressure Increase in Fan Blades.—Consider an element of the ro- 
bem gas between two concentric cylinders differing in radius by dr, and between two 
radial planes through the axis and making the angle dé (theta). As shown in Fig. 307, 
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378. Cycle for Reciprocating Gas Compressor.—In this case, changes 
in temperature and in specific volume are considerable. For high pres 
sure ratios, the change in specific heat may be appreciable. 
energy is negligible in most cases. In Fig. 308, which isa PV diagram 
the air compressor cycle, AB is the sues 
tion stroke, BC is compression, during 
the first part of the return stroke of the 
piston, and CD is delivery during 
P latter part of the stroke. This is 

ideal case, without clearance. In 

B actual compressor there is a sm 

P, clearance which may be as small ag 

7 small fraction of one per cent and 
unusual cases may be more than twe 
per cent. It is shown as the distand 
DE. In the actual case, when the pit» 
ton starts out on the suction stroke, the clearance gas DE re-expand 
from the delivery pressure to the suction pressure along EF, thus , 
ducing the effective length of the suction stroke to FB. For simplicity, 
clearance will not be considered. 


p_L# Cc P, 


Fie. 308. PV Diagram of Cycle of 
Reciprocating Compressor. 


the length of the element is rd0 and the radial depth is dr. 


The width is taken as uni 
Then, for angular velocity w (omega), the volume is 





dV = rdédr 
and the mass is 
am = 2 _ 7d6dr 
v v 
The radial acceleration is 
a = ro, 
Centrifugal Force, 
gF = 20M _ rw? rdédr 
g g v 
Then, = 7 
rod 
MES Fa Ey 
And, if » is constant, 
: en 2 
WP, — Py) = EN 


If the compression is polytropic, eq 9 may be integrated as in the derivation of oq 87, 
Chap. 17, and 
n V2.2 ad Vit. 
n—-—1 29 





(Pave = Py) = 


This may be readily converted to a relation between 7": and 7’; in terms of Vs, the b 
tip velocity and Vj, the velocity at the inner end of the blade. 
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The net work done on the gas during a complete cycle is, for a me- 
chanically reversible process: 


isl Vig > fo Pav bPale: (11) 
B 


Therefore, 


2 
W= f VaP. (12) 
1 
With perfect cooling, or no rise in temperature, the process BC is 
isothermal. The products PsV, and PeV¢ are equal in that case, and 
the work of the cycle is: 


W = PV log. 5° = PV log. 42. (13) 
1 


If BC is a reversible adiabatic process, the temperatures and volumes 
for every pressure are greater than for isothermal compression, and 


W = 778M (bs — h,), = 778Me,(T: — Ts), 
=p - PM). 14) 


The subscript s means isentropic, or s constant. The last two forms 
of eq 14 apply only to the compression of a gas. The two forms are from 
the steady flow energy equation with heat flow and kinetic energy ex- 
cluded. The first applies to either a gas or a vapor. 

Two definitions of compressor efficiency are current: 


Overall efficiency (isothermal efficiency) 
_ Work of frictionless, isothermal compression _ 


’ Actual work to drive compressor (15) 
Compression efficiency (adiabatic efficiency) 
_ Work of frictionless isentropic compression (16) 





Actual work to drive compressor 


Kinetic energy is a small item with the reciprocating compressor, 
and the process in the cylinder with ample sized valves is mechanically 
reversible. 

The gas in the clearance re-expands at the beginning of the suction 
stroke. The work done by the gas on the piston is: 


Wik ff var. 
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The cycle work done on the gas by the compressor is the difference of two 
similar integrals. Any gas velocity in the discharge pipe is at the expense 
of the enthalpy of the compressed gas just before delivery begins. 

For computing energy quantities associated with the compression of 
a vapor, as in refrigeration, the appropriate vapor tables or charts must 
be used. 

379. The Reciprocating Compressor.—Contrast with Engine.— 
Though resembling in some ways the reciprocating internal combustion 
engine, which also compresses gas, the construction must be different in 
a number of respects, as will be pointed out. The medium may be @ 
single vapor, as in ammonia compression, or a simple gas mixture, as 
in the case of compression of dry air. But air or other gases being com- 
pressed usually contain moisture, and in the reciprocating compressor, 
were compression isothermal, could become saturated vapor mixed with 
particles of liquid before compression is complete. 

Very small clearances, on the order of a fraction of one per cent up to 
little more than two per cent are used in order to conserve compressor 
size and power to drive. Therefore provision must be made to take care 
of condensation in some services. 

In the gas or oil engine high speed of revolution reduces heat losses 
and thus saves waste of power, but in the compressor low speed of 
revolution promotes flow of heat from the medium being compressed (0 
the cylinder walls, and this reduces the work required to compress, 
Nevertheless; in some cases, where a gas or oil engine drives a compressor, 
in order to eliminate gears or to make a more compact foundation, il 
may be advisable to connect directly the engine and compressor, operil- 
ing them at the same speed. 

The speed of an engine is kept constant by regulating the rate of 
admission of fuel (or steam) so that the power developed equals the 
demand for power. But in a compressor the mass rate of inflow of low 
pressure gas must equal the rate of demand for compressed gas, and thus 
keep the delivery pressure constant. This is usually accomplished hy 
the use of an unloading device that operates by holding the inlet valve of 
the compressor open during both strokes of the piston, by changing the 
compressor clearance, by changing the speed of the engine or motor 
driving the compressor, or otherwise. 

Except for very high compression pressures, compressor valves i 
usually quite different from the valves of an engine. This is made posse 
ble by the fact that the compressor valves do not have to handle very hat 
high pressure gases. On the other hand compressor valves are usually 
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automatic in operation and therefore must be large in area (to avoid 
serious power losses due to friction, and also to secure maximum capacity) 
and the valves must be light in weight. 

380. Compressor Construction.—Figure 309 is a longitudinal sectional 
side view of a Type XRE synchronous motor-driven direct-connected 
Ingersoll-Rand reciprocating compressor. This is built in 75 to 250-hp 
sizes, and in single-stage or two-stage types for capacities of 400 to 1000 








Fic. 309. Synchronous Motor Driven Compressor. 
(Courtesy of Ingersoll-Rand Co.) 


cfm at 100 psig. The 1000 cfm refers to free air or air measured at normal 
atmospheric pressure and temperature. A two-stage compressor is one 
in which the gas is compressed to an intermediate pressure in the first 
cylinder, transferred through a receiver and at about constant pressure 
to a second cylinder and there further compressed to the high pressure. 
The design intermediate pressure is made about equal to the square root of 
the product of the initial and final pressures. For two-stage compression 


from atmospheric pressure to 100 psig, the intermediate pressure would be 
about: 





Pint = Vp. X po = V14.7 X 114.7 = 41 psi = 26.3 psig. 
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In Fig. 309, the intermediate receiver is made in the form of an inter- 
cooler. The numerous small circles shown in the cross-section of the 
intercooler are sections of the alloy water tubes through which cool water 
is circulated. In this intercooler the air which has risen many degrees 
in temperature, in spite of the ample jacket which surrounds the first 
stage cylinder of the compressor, is cooled down to nearly atmospheric 


' 
| 
f 
Eo 
| 
L: 





Fig. 310. Cross-sections of Cylinder End of Compressor. 
(Courtesy of Ingersoll-Rand Co.) 


temperature. This cooling greatly reduces the volume of the air and 
thus makes a substantial reduction in the power required to complete the 
compression in the second stage. 

Another feature of the design is the enclosed crank-case with flooded 
(or splash) lubrication of main bearings, crank-pin bearing, wrist pin ant 
cross-head slide. The piston and rings and the piston rod stuffing how 
are lubricated separately by the force-feed pump shown above the innep 
end of the cross-head. 

Figure 310 shows a cross-section of a cylinder end, and also of at 
inlet and a discharge valve on one side of the cylinder with an outside view 
of the valves on the other side of the cylinder. Fig. 311 shows sectional 
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views of the valve element: closed, partly open and full open. The valve 
which is of stainless steel, is of light channel section to give stiffne 
Flat steel springs close the valve and provide an air cushion at alates 
lift. Referring to the inlet valve at the lower right, Fig. 310, the ra 





L : Fie. 312. Views of Channel Valve 
Seat, Springs, Channels, Stop. 


Fig. 311. Sections of Channel Valve. (Courtesy of Ingersoll-Rand Co.) 


valve opens inward and may be easily held open during the operation of 
unloading, thus stopping all delivery of air. On the horizontal plane 
through the center of the cylinders are located two clearance-controlled 
valves, not shown. These open into large, water-cooled pockets, thus 
providing a great increase in clearance volume. With one of these ouleas 
open, the re-expansion of the clearance gases is so great that only about 
one-half of the normal charge is drawn in during the suction stroke. 
Operated automatically, by compressed air, these valves provide an 
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ample control of the effective capacity of the compressor. Fig. 312 

shows views of valve seat, springs, channel valves and stop-plate. 
Figure 313 shows a cross-section of an intercooler between stages of a 

compressor. Through the tubes shown cool water circulates. The 














Fig. 314. Diesel-powered Compressor. 
(Courtesy of Ingersoll-Rand Co.) 
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baffles cause the air going from the first stage to the second stage to cross 
the tubes ten times. It is evident that the space inside and the space 
outside the tubes are both readily accessible for inspection and cleaning. 

Figure 314 shows a section through an Ingersoll-Rand Type XVO 
Diesel-powered compressor. This is exceptionally compact. By ex- 
tending the single crank-shaft, it is built in two, four, six and eight cylinder 
sizes. Like the static-radial airplane engine, by eliminating a number of 
main bearings, and by reducing friction losses in the crank pin bearings, 
high mechanical efficiency is secured. 

The combined unit of engine and compressor has a high economy in 
the use of fuel to develop power. Being almost a complete power plant 
in a single unit, much auxiliary equipment must be built into it. A re- 
capitulation of some of the more important auxiliaries that are used is 
provided to give a more comprehensive view of what is involved in the 
operation of such a piece of equipment: 


Pumps. 
For fuel, service pump and injection pumps. 
For lubrication, main circulating pump, numerous force feed pumps. 
For water, large centrifugal circulating pump. 
Hand pumps for oil in starting, Hand pumps for rocker arms, etc. 


Filters. Coolers. 
Fuel oil. Air. 
Lubricating oil. Water. 
Air. Lubricating oil. 


Safety Stops. Capacity Control. 
Centrifugal overspeed stop. Unloaders. 
Low oil pressure. Clearance valves. 
High oil temperature. 
Push button. 


Starting. Gages. 
Resetting knock-off device. Pressure, temperature, speed. 
Compression relief valves on 
every cylinder. 


381. Examples Especially Relating to Reciprocating Compressor.— 
Where compression begins in one cylinder and is completed in another, 
it is usually mechanically advantageous in such two-stage compression 
to distribute the work equally between the two stages. For example, 
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where a single shaft drives two compressor cylinders from cranks at 
right angles, the most uniform turning moment and therefore the steadiest 
running is secured by having the works done in the two compressor 
cylinders the same. 

ExampiE 2——Two-stage reciprocating compressor. Equal work in the two stages, 
Initial pressure and temperature p; and T1, the same between the stages pa and a 
for the end of compression pz and 7"2. Specific heats assumed constant. Using eq 1 


and eq 14, Derive expressions for the pressure or for the temperature between stages 
for (a) isothermal compression, (b) isentropic compression, (c) polytropic compression. 


Solution.—(a) Isothermal Compression. For equal work, by eq 13: 
BT loge = BT log. - whence eq = i or pa=Vpi Xp Ans. (17) 
(b) Isentropic Compression, by eq 14, for equal work: 


T+7 
e(Ta— Ts) =o(T:—Ts), or Ty = Ut, (18) 


From this expression pa may be readily found in terms of p; and 7. ‘ 
(c) Polytropic Compression. By integration of eq 12, an equation for polytropie 
compression corresponding to eq 14 may be found, or: 


nB 1 an 
oy Nest deme Seales 








(%,—T,), or Tres tts (19) 


Exampe 3.—Two-stage compression of air. cp = 0.24. pi = 14 psi, ps = 140 pal, 


For equal work distribution between the two stages, find intermediate recelver pressurg, 


pa for: (a) isothermal compression, (b) isentropic compression, (c) polytropic comp: 
with m = 1.25, 


Solution—(a) pa = Vpi X p2 = 14 X 140 = 44.2 psi. Ans. 
1 F  140\ Py 
Dy _ (RYE _ (140) EF _ 1935 _ 199, 
® gE)? ae) em 
nD (1 +7) = 0.5 X (1 + 1.93) = 1.465. 


Tih Bo Ti 

7 aes 
Pa _ ( J1\ET 140 BR py = 149.8 = BRD pe 
P1 tT: 
r > _ (140\ "38 
£3 ee [BEY (2 | 0d = 1,588, 

OF, (a (47) oe 
T2 

Fd (1+7) = +1585) _ 4 9995 
Ti 2 2 i ; 


1.25 


n 
Ba si (7) = (1.2925)075 = 3.6. pa =14X3.6 = 504 psi. Ans, 
2: i 


382. Refrigeration (a) Principal Types.—(1) Air or Gas; (2) Vapor 
Compression; and (3) Ammonia Absorption, are all forms of mec 
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refrigeration, so called because they use machinery or mechanical methods 
to produce cold. 

In all of these types a medium is first brought to a high pressure and 
temperature and is then cooled to about atmospheric temperature, still 
at high pressure. The medium is next permitted to use some of this 
stored energy in an adiabatic expansion to a low pressure, thus causing a 
fall in temperature to the refrigeration temperature desired. 

(b) Air Refrigeration.—In this type the ideally adiabatic expansion is 
done while the air does mechanical work on the piston of an expander or 
air engine, and it is preceded by a cooling process of historic interest. 

In the closed-circuit or dense-air machine, the four processes of the 
cycle are as follows: (1) the air compressor draws in a charge of cold air 
from the refrigerating coils at constant pressure and on the return stroke 
compresses it to the high pressure with a considerable rise in temperature, 
and delivers the air to the (2) cooler, a receiver provided with pipes 
through which cold water circulates. The air pressure remains constant 
in the cooler and its temperature is reduced to approximately that of the 
coldest circulating water available. (3) The cool, high-pressure air next 
enters the expander and expands adiabatically while doing work and 
dropping in pressure to the low pressure and falling in temperature to the 
lowest temperature of the cycle. (4) The cold air is next circulated in the 
Refrigerating Coils at constant pressure and cools brine or a cold room, 
finally returning to the compressor after a considerable rise in temperature. 

383. The Ideal Refrigerating Cycle—As the Carnot Cycle is the ideal 
standard for the heat power plant, the Carnot Cycle Reversed gives the 
limit to the best performance of a refrigerating plant between given tem- 
perature limits. In Fig. 315a and 315b, a gas at the low pressure and 
temperature of state a is isentropically compressed to state b in which 
both pressure and temperature are higher. The word isentropic will be 
used in this section for reversible adiabatic. During the second process, 
the isothermal compression bc, the gas rejects heat at constant tempera-_ 
ture, or isothermally. The third process, cd, is an isentropic expansion 
to the same temperature as at a. The refrigerating process, da, which 
follows is an isothermal expansion, while the gas receives heat from the 
substance being cooled. The amount of heat absorbed by the medium 
in this process is called the refrigerating effect. 

From the discussion of the Carnot Cycle in Chap. XVIII. 


Qve __ Qaa _ W 


eae ae me se (20) 
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In the Carnot cycle, the heat is received at the highest temperature of 
the cycle, a smaller quantity of heat is rejected at the lowest temperature 
of the cycle, and the difference of these heat quantities is the amount of 
work realized by the Carnot engine. 

In the refrigerating cycle, a smaller quantity of heat is received at the 
lowest temperature of the cycle and a larger quantity of heat is rejected 
at the highest temperature of the cycle. As in the Carnot cycle, the work 
of the cycle is the difference of these two heat quantities, but the work 
is put in. 





Ss 


Fie. 315b. 7S Diagram of 


Fie. 315a. PV Diagram of Ideal 
Ideal Refrigerating Cycle. 


Refrigerating Cycle. 

The refrigeration effect, Qaa, divided by the work of the cycle, W, 
is known as the coefficient of performance. From eq 20, the coefficient 
of performance, 

Qia Tan 
C.P. Ww La ith Sitire (21) 

For this refrigeration cycle, with all processes reversible, the coefficient 
of performance is independent of the properties of the working medium, 
Between the same temperature limits, no other cycle can exceed the 
coefficient of performance given by eq 21, and only a reversible cycle may 
equal it. 

384. The Vapor-Compression Refrigeration Cycle——The four prot» 
esses of the reversed Carnot cycle may be carried out in four pieces of 
apparatus: 

1. The heat absorber or evaporator, in which the refrigeration is 
actually carried out, 

2. The compressor, in which the working medium is raised in teme- 
perature from the low temperature of the refrigerator to atmospherié 
temperature, 
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3. The cooler or condenser, in which the working medium rejects as 
heat the energy imparted to it during the cycle, and 

4. The expander, in which the working medium expands again to the 
lowest temperature while it does useful work on a piston. 

The useful work done in the expander partially offsets the power 
demand of the compressor. But, in vapor refrigeration, the amount of 
such work would be small, and the lowest cost of refrigeration is secured 
by using an expansion valve to obtain this pressure and temperature drop. 
The process is throttling, and involves a departure from the reversed 
Carnot cycle. It is therefore accompanied by some loss of available 
energy. 

The ideal cycle, with this modification, is shown on Pv, 7's and ph 
diagrams in Fig. 316. Starting at D with the saturated liquid at the high 





Fic. 316. Ideal Vapor Refrigerating Cycle on Pv, 7's and ph Diagrams. 


pressure, DA shows the throttling process (for which h is constant) on 
all diagrams. At A, the end of the throttling process, the quality and the 
specific volume of the working medium are low. For example, a tem- 
perature of 85° F is common at D, this temperature being fixed by the 
temperature of the cooling water used to abstract heat from the working 
medium at the high temperature. For the temperature at A equal zero 
F,, which is often used, the constant h equation gives: 


hyo = by + v4, hyo 1. (22) 


Referring to a table of the properties of the working medium, such as 
given in the engineering handbooks of Eshbach, Kent or Marks, the 
Am. Soe. of Refrig. Eng. Data Book, the corresponding values for am- 
monia, are: 

137.8 = 42.9 + 4,1 568.9, 


and 4,1 = 0.165. For carbon dioxide, with the same initial and final 
temperatures, 4,1 = 0.522 and for sulphur dioxide x4,1 = 0.143, with 0.24 
for Freon-12, or dichlorodifluoromethane. 








560 STEAM AND GAS ENGINEERING 


A is the condition of the refrigerant after it leaves the expansion valve 
and as it enters the evaporator. The fraction that remains unevaporated 
after passing the expansion valve is 1 — x, and this multiplied by the 
latent heat of evaporation gives the refrigerating effect attained with 
complete evaporation. 

B is the condition of the medium or refrigerant when the ideal isen- 
tropic compression begins. In Fig. 316, B,Ci indicates wet compression, 
B;C; indicates dry compression and B:C2 is for compression beginning 
in the dry saturated condition. Compression is actually associated with 
increase of entropy. Part of the increase is due to absorption of heat from 
the compressor walls. This is especially important in reciprocating 
compressor walls and passages. 

However in rotary compressors the entropy increase is mainly due to 
turbulence and fluid friction. A small amount of superheat at the begin- 
ning of compression cannot be avoided in practice, but the dry saturated 
condition at this point in the cycle is the aim in most refrigerating 
practice. 

CD is rejection of heat to condenser and return to initial condition 
at D. 

385. Tons of Refrigeration, Horsepower per Ton, Cubic Feet per 
Minute per Ton.—The capacity of a refrigerating plant is measured in 
the equivalent tons of ice frozen per 24 hours, from and at 32°F. The 
latent heat of formation of ice is about 144 Btu per lb. To freeze 2000 
Ib, one short ton of ice in 24 hours requires the removal of 288,000 Btu 
in 24 hours, which is at the rate of 288,000 + 24 X 60, or 200 Btu per min. 
Accordingly, the unit of capacity, one ton of refrigeration, is defined as 
refrigeration at the rate of 200 Btu per min. 

Horsepower per ton is the number of horsepower that must be SUp= 
plied for each ton of refrigeration developed. The horsepower is work 
at the rate of 33,000 ft lb or 42.40 Btu per min. 

Refrigeration effect has been defined as refrigeration per Ib, or q; Btu 
per lb. Coefficient of performance, C.P., is defined as the amount of 
refrigeration divided by the work done to secure the refrigeration, or: 


pop Ee 
alk (28) 
a Wo 1 4 
HE ™ a ae (24) 
Tons of refrigeration = aus x fs (25) 
min “~ 200 


o—=— > oi _ 


a 
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Then, : 
1 1 
up. or We ome 00 
HP per Ton = —— = ———____—— = — X 
Tons . Ib_ x i > gi ~~ 42.40 
n min ~~ 200 
_ Wo _ 471 5 
ie X 4.717.= GP. (26) 


Among the other items needed in evaluating the performance of a 
refrigeration plant is the cubic feet per minute of compressor displacement 
required per ton of refrigeration. 

The number of pounds of refrigerant that must be circulated per min- 
ute per ton of refrigeration is: 





Pounds Refrigerant lb 
Minutes geet Wee 2 (27) 
Tons of Refrigeration Q1 1 1 
min. “* 200 
Then, from eq 27, 
Cubic Feet of Compressor Displacement _ 200 ren (28) 


per Minute per Ton 1 


In eq 26, 27, 28, wo is work of compressor in Btu per lb, qi is amount 
of heat absorbed in Btu per /b by the refrigerant (usually in the evaporator 
coils) and v; is the specific volume of the refrigerant in cu ft per Jb as it 
enters the compressor. This is always somewhat larger than its specific 
volume leaving the coils or the cold room due to the heat absorbed in 
transit. 

386. Refrigerants.—A great variety of refrigerants have been used 
and a considerable number are still in use. Research is still bringing 
forward new refrigerants which have important advantages. In order 
of importance, the following properties are desirable. ‘To a considerable 
extent, of course, they are essential. The refrigerant must: 


(1) be chemically stable, 

(2) be non-inflammable and non-explosive, 
(3) be non-corrosive, 

(4) not interfere with lubrication. 


Some of the widely used refrigerants corrode certain common metals, 
as ammonia corrodes copper and as sulphur dioxide will corrode many 
metals when in contact with water. A number of refrigerants dissolve 
lubricants, but this action can be controlled. 
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In addition, desirable properties are: 


(1) high latent heat of evaporation, 
(2) low specific volume, 
(3) low condensing temperature at moderate pressure. 


These are important because they reduce required size of apparatus 
and make low temperatures available. Of the following requirements, 
No. 1 is particularly important in marine applications. The refrigerant 
should: 


(1) be non-injurious to health, 

(2) inoffensive in odor, 

(3) cheap, 

(4) render detection of leaks easy. 


Air, steam, carbon dioxide and ammonia were used early in the history 
of refrigeration, and ammonia is still the most important commercial re- 
frigerant. Before the war, sulphur dioxide was the most widely used for 
domestic service. Other refrigerants are now of importance. 

Many hydrocarbons have been used as refrigerants. Among these 
are: methane, CH,; ethane, C2Hs; propane, C;Hs; butane, C1H1; pentane, 
CsHie; hexane, CsHu. The olefins: ethylene, C2:H, and propylene, 
C3H¢ have also been used. 

In addition, many synthetic compounds made by replacing hydrogen 
atoms in methane and ethane have been developed. For example, from 
methane is derived methyl chloride, CH;Cl; Freon-11, CCl;F; Freon-12, 
CCl.F2; Freon-22, CHCIF2. From ethane come ethyl chloride, CoH;Cl; 
Freon-113, C2Cl;F3; Freon-114, C2CleF,. From ethylene is derived die- 
line CoHeCle. 

The derived compounds are generally non-toxic, have low boiling 
line, points and rather heavy vapors. 

387. Performance Calculations for Vapor Refrigeration.— Refer again 
to Fig. 316 of which the 7's diagram and the Ph diagrams will be most 
useful. The cycle, it will be remembered includes the process AB, or 
refrigeration process which occurs in the evaporator at the constant low 
pressure 1, the reversible adiabatic (isentropic) compression BC, which 
takes place in the compressor, the cooling and condensation CD in the 
condenser, which takes place at the constant high pressure 2, and finally 
the irreversible adiabatic free expansion DA which takes place in the 
expansion valve at constant enthalpy. 
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Applying the steady flow energy equation to the two processes DA 
and AB, we have: 


hg — hp = QAB- (29) 


This is the refrigeration. The hz may be read from a ph chart such as 
the one at the end of the chapter or it may be read or computed from a 
table of the properties of the saturated refrigerant. The hp for the 
saturated liquid at the high pressure 2 may be also read from the ph 
chart or from the properties of the saturated liquid hy: at the high pressure. 
Similarly, the work of compression is given by the equation: 


wee = hc — hz (30) 


using a ph chart or table for the numerical values of h at B and at C. 
The heat rejected at the high pressure P: is again computed by the 
steady-flow energy equation found as the difference of h’s: 


q2 = Yop = he — hp. (81) 


The coefficient of performance is found from: 


OTP ee see: (32) 


WBC 


Examp.e 4.—An ideal ammonia compression refrigeration plant with free expansion 
to the low pressure, maintains a low temperature of zero Fahrenheit with the cooling 
water temperature of 85°F. The ammonia leaves the expansion coils of the refrigerator 
and also enters the compressor in the state of a dry saturated vapor at zero F. The com- 
pressor isentropically compresses the vapor to the pressure corresponding to saturation 
at 85°F. The vapor enters the condenser in a superheated condition at this pressure 
but at a much higher temperature than 85°F. In the condenser the superheated vapor 
is cooled to saturation and then condensed all at the constant pressure corresponding 
to saturation at 85°F. It enters the expansion valve as saturated liquid at 85° F 
and freely expands to the saturation pressure of ammonia corresponding to zero F. 

Find, by the use of the chart at the end of the chapter: (a) refrigeration per lb of 
ammonia circulated, (6) work used to operate compressor per lb of ammonia circulated, 
(c) the refrigerator pressure, p; and the condenser pressure, p: and temperature of the 
superheated ammonia as it enters the condenser, (d) coefficient of performance, (e) horse- 
power to operate the compressor per ton of refrigeration, (f) given the specific volume of 
dry saturated ammonia vapor at zero F equal 9.12 cu ft per lb, find the cu ft of compressor 
displacement per min per ton of refrigeration. 


Solution.— 
(a) a= hp = hp = hy1 = hy 2 = 612 — 1386 = 476 Btu/lb. Ans. 


The dotted zero F line is found to cut the saturated vapor line at a point 6/10 of 
the way from the 600 h line and the 620 h line or at 612. It is estimated that the 
85° F line (parallel to the 0° F line) cuts the saturated liquid line at a point 4 the 
way between the 150 psi line and the 200 psi line and that this point is 8/10 of the 
way from the 120 h line to the 140 h line, or at h = 136. 
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(0) w = he — hp = hy — hy = 715 — 612 = 103 Btu/lb. Ans. 


The entropy at B was estimated to be 1.3 + 8/10(1.35 — 1.80) and this laid 
off on the estimated 167 psi line and the h, estimate : ‘the #4 
polis mpc ena Biaie, an e h, estimated from the scale at the top 


(c) Where the 0° F line cuts the saturated liquid line is almost exactly on the 30 psi li 
si line. 
Ans. The condenser pressure has already been estimated at 167 psi. tan The 
constant entropy line through B is estimated to cut the 167 psi line at 4/10 of the 
way from dotted 200° F line to the 250° F line, giving t¢ = 212°F. Ans. This 
corresponds to 127° F degrees of superheat. 


476 


= Nn =— = 
@) O.P. = a es 4.62. Ans. 
OT SAT 
(f) Disp/min/ton = ee war 200X912 = 3.82. Ans. 
U1 476 
Exampte 5.—The same as No. 4, but with the use of tabular values. 
t p Ug hy h, & S89 


0 30.4 9.12 42.9 611.8 0.0975 1.3352 he = 718 
85 166.4 18 137.8 631.4 0.2854 1.1918 i. = 217 


(a) q. = hy. — hye = 611.8 — 137.8 = 474 Btu/Ib. Ans. 
(6) w = he — hy = 718 — 611.8 = 106.2 Btu/lb. Ans. 


474. 
106.2 
4.717 


(d) hp/ton = 9 Me 1.057. Ans. 


(c) C.P. = = 4,46. Ans. 


200 9.12 
474 


By comparing the answers for the corresponding quantities, it is seen th 
gives answers with a good degree of pt rac i P en ee 


(e) cu ft/min/ton = = 3.85. Ans. 


388. The Refrigerating Plant—Figure 317 shows the most important 
parts of an ammonia vapor compression refrigerating plant.in a diagram- 
matic view. The ammonia or other refrigerant is in the liquid phase 
from the place it leaves the condenser to the expansion valve; in the 
vapor phase from the evaporator through the compressor to the condenser, 
A small amount of the evaporation occurs during the throttling process 
in the expansion valve. The remainder of the evaporation almost 
always takes place in the refrigerator (evaporator or expansion coils). 

Ammonia is generally the most suitable medium to use in industrial 
refrigeration, with Freon for air conditioning. When the substance to be 
cooled, such as air in a refrigerating room, is in direct contact with am= 
monia expansion coils, the system is described as direct expansion. In 
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most cases the brine of sodium or calcium chloride is a more suitable agent 
to distribute the refrigerating effect. A plant using ammonia for refrigera- 
tion and brine for refrigeration distribution is called an indirect expansion 
plant. The brine is pumped through the vessel containing the ammonia 
expansion coils and then through 
pipes to the various locations where 
refrigeration is needed. In order to 
produce the flow of heat through 
metal walls at the desired rate in Btu 
per sq ft it is necessary to have a 
temperature drop of from 5° F to 
10°F. This reduces the coefficient 
of performance and increases the 
horsepower per ton very materially. 

In practice the vapor is not cooled 
to the lowest water temperature, but 
is condensed at a somewhat higher 
temperature and then sub-cooled to 
nearly this temperature. This causes 
a further loss in effectiveness com- 10°F 
pared to the ideal. Evaporator 

Reciprocating compressors are 
nearly always used for ammonia, 
and rotary or centrifugal compressors 
ipearsghae sy: = Pema peed toe Fic. 317. Vapor Compression Refrig- 
many other refrigerants. erating Plant. 

Piping for ammonia must be of 
iron or steel, as this refrigerant has a chemical affinity for copper or 
brass. Water must be excluded from contact with sulphur dioxide as 
such admixture makes the refrigerant corrosive. , 

389. Absorption Refrigeration—Vapor absorption refrigeration is the 
same as vapor compression refrigeration in the condenser, the expansion 
valve and the evaporator. The difference comes in the method of re- 
storing the ammonia from the condition as a cold vapor at low pressure 
leaving the evaporator to the state of a cool liquid at a high pressure as it 
reaches the expansion valve. 

The solution of ammonia in water is usually called ammonia liquor. 
Ammonia liquor with low ammonia concentration is called ‘“‘weak liquor.” 
High ammonia concentration liquor is called ‘“‘strong liquor.” 
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Condenser 





Waste water—— >" 











210 lb, | 100°F 


f Receiver 


Water inlet 


come 














566 STEAM AND GAS ENGINEERING 


In ammonia absorption refrigeration, the saturated ammonia vapor 
leaving the expansion coils of the evaporator or refrigerator at the lowest 
pressure and temperature of the cycle is led to the absorber where it is 
dissolved in weak liquor also at low pressure. The weak liquor steadily 
flows into the absorber from the exchanger and the ammonia vapor flows 
in steadily from the evaporator. The heat evolved by the condensation 
and solution of the vapor in the ammonia liquor is carried away by a 
stream of cool water flowing through a pipe coil which is led through the 


Vapor to condenser, 210 Ib, 100F 










Condenser 









Generator 






Water inlet-—» 
10°F 


Strong liquor 








Receiver 


- \Z 
Expansion A valve 


Water waste 110°F 









Weak liquor 
Absorber 


Exchanger 


Water to absorber 
95 F 






Strong liquor 
210 Ib, 90°F 


Fia. 318. Diagram of Apparatus—Absorption Refrigerating Cycle. 


absorber. As a result of process of dissolving the ammonia in the liquor, 
the weak liquor becomes strong liquor, remaining at low pressure and at 
comparatively moderate temperature. This is indicated diagrammati- 
cally in Fig. 318. 

The strong liquor is then raised to high pressure by a pump and de- 
livered through the exchanger, in which it is heated, to the generator 
which is heated by a steam coil. The heat from the coils evaporates 
the ammonia, with a little steam, leaving in the generator a hot weak 
liquor. The steam mixed with the hot ammonia vapor is separated by 
absorption in hot liquor flowing in the opposite direction to the am- 
monia vapor through an analyzer or rectifier. This leaves nearly pure 
ammonia vapor which flows through a cooler or condenser, where the 
ammonia is condensed to the anhydrous liquid form, and then into a 
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receiver. Thereafter the action is the same as with compression re- 
frigeration. 

The transfer from the evaporator to the condenser, just outlined, 
involves four principal processes performed in four pieces of apparatus, 
as follows: 

1. An absorber with a coil of water pipe for cooling and fed by cold 
ammonia vapor from the evaporator and by cool weak liquor from the 
heat exchanger, with cool strong liquor under low pressure being dis- 
charged to the pump, 

2. A pump which takes the cool strong liquor from the absorber and 
raises its pressure from the low pressure of the evaporator to the high 
pressure of the generator, 

3. A heat exchanger, with a pipe coil passing through, fed by the hot 
weak liquor from the generator, which, on its way to the absorber, gives 
out heat and becomes cool while it is raising the temperature of the cool 
strong liquor coming from the absorber and on its way to the generator, 
and 

4. A generator with a coil of steam pipe for heating, and fed by the 
hot strong liquor, coming from the exchanger. The generator discharges 
hot high pressure ammonia vapor (with a little steam) going to the con- 
denser and hot weak liquor going to the exchanger. 

Absorption refrigeration has been used in large plants where bi- 
product steam is available—also, in modified form in domestic refriger- 
ators. 


390. Problems.— 


1. The same as example 4, except that cooling water temperature is 100° F. 

2. The same as example 4, but with the temperatures 100° F and —20° F. 

3. Carbon dioxide, wet compression, ideal cycle; low temperature 5° F; at the end 
of isentropic compression the temperature is 86° F and the vapor is dry saturated. The 
free expansion is from saturated liquid at 86° F to wet vapor at 5° F. Data from table 
of properties of carbon dioxide: 


t p Vy hy hy, sf Sig 
High Pressure 86 1039.6 0.048 45.4 27.61 0.0830 0.0506 
Low Pressure 5 331.8 0.264 —15.34 116.01 —0.0304 0.2497 


Find: (a) refrigeration per lb; (6) work per Ib; (c) C.P.; (d) hp per ton; (e) tons per cu ft 
of displacement per min. 

4, The same as No. 3, but for sulphur dioxide, and the two temperatures are 85° F 
and 5°F. Extract from Table of Properties of Sulphur Dioxide, Marks Handbook: 


t Pp Ug hy hy, Sf Sto 
85 65.25 1.238 17.850 143.87 0.0345 0.2642 
5 11.80 6.660 —8.388 170.68 —0.0176 0.3675 


Find, with data above, answers corresponding to No. 3. 
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5540 1451.50 310 wna «3h 167135 Py 150083 yg SA <i MCS YS 
5560 1457.71 1076.70 67247 50170 ashe = rs <A 
5580 1463.91 310 1081.54 34? 167359 58 ‘50257 2 OTe Nea eas eet 
310 241 5.5 4, Sele Ne SN we 
5600 1470.12 1086.37 167470 50343 = J iaa= 
310 242 5.5 4 al SY ooh! 
5620 1476.33 810 yoo121 = 372 167580 re 50429 ; Hed ~ \ 
5640 1482.54 310 1096.05 343 167691 be ‘50515 fs st . SPL CONSTANT.‘ 
5660 1488.75 1100.89 67801 50601 ghsor Nita} 
310 242 5.4 4 8 = oni so 
5680 149t.96 310 1105.73 342 eon | MS 50686 a | eh Mee 
5700 1501.18 Slt 1110.58 342 {68019 Pe 50771 : Skeoor SS) 
5800 igs, | 1134.82 342 168500 Bd 511030 ., oh 
5900 1563.41 314 110.12 Ste "69092 Pe £51608 re pe ik = 
6000 1594.58 319 1183.43 43 69616 ry 52017 g . 
6100 1625.79 312 1207.79 373 "70132 - 52420 
6200 1657.04 313 1993.18 36 "70640 re 352816 8 
6300 1688.32 313 1256.61 344 "71141 bed '53207 : a 
6400 1719.64 313 1281.07 348 ‘1634 $9 153592 3 
6500 1750.98 1305.56 -72120 -53972 8 
6600 1782.36 314 1330.09 343 ‘50004 54347 4 7 
6700 1813.77 314 1354.65 323 173071 be! 254716 : a 
cc re a a as ee | 
. 315 . 246 4 4.5 5 : Fia. 319. ph Chart for Ammonia, 
7000 1908.17 15 1428.48 946 7445000 gs 55704 
7100 1939.69 315 1453.15 346 sor 4.5 56144 fh 
7200 1971.23 1477.84 75338 "56489 
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STEAM TABLES 











Abridged from “Thermodynamic Properties of Steam” by Joseph H. Keenan and Frederick G. Keyes TABLE 2. SATURATION: PRESSURES, 
Copyright, 1937, by Joseph H. Keenan and Frederick G. Keyes P 5 = 2 
Published by John Wiley & Sons, Inc., New York ik ‘Specific Volume Enthal py Entropy ‘(tnternal Energy Abs .Press2 
. SS. . 
: Lb. 4 Sat. Sat. Sat. Sat. Sat. Sat. 
Ye Sack ™ s ae eae ar ee se $ Sq. In. reg Liquid ener Liquid Evap. Vapor Liquid Evap. Vapor er Vapor fo In. 
t Y, h hy 8¢ sf, : P 
a 101.74 0.01614 585.6 69:70 103683 si08.0 0.1526 1.8156 1.shee $9.70 rod. 1-0 
‘ Abs.Press, “Specific Volume Enthal py Entropy _ 2.0 126.08 9:01625 173-73 Brg Hoe hte te irae vias amt ie Geek 
emp. Lb. Sat, Sat. Sat. Sat. Sat. +, Temp. 3.0 141.48 0.01630 118. : : 6 0. . ‘ : : : 
ie abe at ek ene eee poe G3 HEM S086 BS UES ics WE Be Lee ket IB it $8 
t. P a vr %% he bre S¢ 9 8 t 5. < ° . . i 
32° * 0.01602 0.00. 1075.8 1075.8 09, G ° : 99.2 1134.2 0.2472 1.5820 1.8292 137.94 1065.4 6.0 
35 009905 OcolG0e i 39 «3.02 doracd 1074 Scoot 2.1877 31770 38 eee ee UR Seelk Lise> lame | Liopeg iialey 146.7a l067d 900 
40 0.12170 0.01602 2444 2444 8.05 1071.3 1079.3 0.0162 2.1435 2.1597 40 veh 182.86 0.01653 47.34 150.79 988-5 1139.3 0.2674 1.5383 1.8057 150.77 1069.2 8.0 
& SHE aes IES AE ke Ie OG See Cae eg oe bas Se MG a HES AR Ge cee tee 
0.17811 0.01603 1703.2 1703.2 : ; +7 0.0361 2.0903 2.1 50 10 «193.21 0.01659 36.42 161.17 1143.3 0. : : . . 
@°; 02 0.01604 1206.6 1206. 28.06 1059.9 1088.0 0.0 0393 2.0 80,07 970.3 1150.4 0.3120 1.4446 1.7566 180.02 1077.5 14.696 
70, ber 0.01606 867.8 gst 38.04 1054.3 1092.3 een Toe ote 4 ie Pe rp eed terie 969.7 1150.8 0.3135 1.4415 1.7549 181.06 1077.8 15 
80 | 0.5069 0.01608 633.1 633.1 46.02 1048.6 10%.6 0.0932 1.9428 2.0360 80 20 227.96 0.01683 20.089 19.16 960.1 1156.3 0.3356 1.3968 ie a _ races = 
100 | o:5492 coets 35005 = ann 1037.2 ito52 011295 ies 79606 109 Fa Sees ey a fees 94503 Lead 0: 3600 113313 1.6993 218.73 1087.8, 30, 
3 6870 227.80 1090.2 38 
1109 +2748 0.01617 265. 265.4 77-94 1031.6 1109.5 (0.1471 1.8106 1.9577 110° 128 0.01708 11.898 227.91 939-2 1167.1 0.3807 1.3063 1 
120 904 0.01620 303.35 305.97 87.92 1025.8 1113.7 0.1645 1.7694 119359 120 4 be ae goLsts 10.498 236.03 933.7 1169.7 0.3919 1.2844 1 ats oe ion? 4 
m0 2ieee Ocolezs 57.99 248 so7-em totes dios SURG 41-7296 1.9112 190 ret Ot BMD by0.09 92400 Ligect Orato Lizama 1.6505 249-95 1095:5 0 
3 k 122. 123.01 : ; : : 1.6910 1.8894 140 60 281.01 0. : 3 (OO. 1.2316 1.6509 256.12 10%.7 65 
150. 3.718 0.01634 -97.06 97-07 117.89 1008.2 1126.1 002149 1.6537 1.8685 150, 65 287.07 0.01732 7.787 256.30 919.6 1175.9 0.4193 1. . 

; | 68 1.6438 261.90 1097.9 60° 
160°, 4.741 0.01639 27 29 127.89 1002.3 1130.2 ‘0.2311 1.6174 8 ° 292.72 0.01738 7.175 262.09 915-5 1177.6 0.4270 1.21 129 10991 as 
170 5.992 0.01645 Bt B06 137.90 996.3 1134.2 0.047 1 5a02 Lees 170 3 297.97 0.01743 6.655 267. 911.6 1179.1 0.4542 Herd ree pelle 4 he 4 
io a kM BE Be We ee ue oe tle a te R we cue oe me Bes cam te bears uae f 

OL 40. FS . . . 0.278! 1.5147 1.7932 75 . y : : < - . 1102.1 80 
200 ates 0.01663 33.82 $3.c4 167.99 977.9 1145.9 0.2958 iaees 1 Tre 200 8 «312.03 0.01757 5.472 262.02 901.1 1183.1 0.4531 1.1676 1.6207 . 76 a 
° 6158 286.12 ; 86 
210° 14.123 0.01670 27.80 | 27.82 178.05 971.6 1149.7 0.3090 1.4508 1.7598 2100 85 316.25 0.01761 5.168 286.39 pl ys cape ve a ere a4 
212 14.69% 0.01672 26.78 § = 26.80 180.07 970.3 1150.4 0.3120 114446 1.7866 242 Serre SOs: tie Se het tee ae ite tee eee ese 
hie om ohh ue ie Seb ue fee Lee Le Hat Same 18 Ie Bee tes See Lae foe ee aed me 
780 . . 19.382 . . . oO. 1.3901 1.7288 ~ . 3 é (05.30: . 110 
240 341969 0.01692, 16.306 ; 16.333 208.34 952.2, 1160.5. 0.3531 1.5409 ihe Bo 110 334.77 0.01782 4.049 305.66 883.2 1188.9 0.4832 1.1117 1.5948 305 ney “ 
04 ’ 12.44 877.9 1190.4 0.4916 1.0962 1.5878 312.05 1107 1 
250° 29.82! 0.01700 13.804 13.821 218.48 945.5 1164.0 0.3675 1.3323 1.6 o 120 341.25 0.01789 3.728 3 if 318.38 1108.6 130 
260 3.409 0.01709 11.746 i703 228.64 938.7 1167.3 013817 113043 16600 Fred : 130 347.32 0.01796 3.455 a cise re ee 4 eo} et 324 z secret ae 4 
200 45.208 O.elvas go a ee, Ba7 mt Hiei A 100 3842 0.01809 3005 sors. 063.6 1194:1 0.5138 1.0556 1.5694 330 OL 1110.5 180 
(20 57.556 «OLOLT3B aaa, rae, 259.31 917-5 11708 0.42% i258 ae ae 160 365.53 0.01815 2.854 595.95 859-2 1195.1 0.5204 1.0436 1.5640 oe ae 
854.9 1196.0 0.5266 1.0324 1.5590 340.52 1 1 
‘300° 67.013. «(0.01745 «6.449 6, 269.59 910.1 1179.7 0.4 : ; ° 170 36841 0.01822 2.675 341.09 i 45.42 1112.5 180 
B10 7768 0.01755 5.0609 Seok 279.92 S016 tieese 9.4369 tin Te 100 373.06 0.01827 2.552 6.0 810.8 1186.9 0.9525 1.0017 1.02 3542 11125 1a 
‘320 oF ee oco177e i fat oe 867.0 1167.7 orden 14781-6115 320 { 200 301.79 0.01639 3.268 3096 843.0 1198.4 0.5435 1.0018 1.5453 384.68 1113.7 200 
Mo | dieon Ocalan 3770, Se 311.13 879.0 itooct oaee 10580 iis001 wo 4 250 400.95 0.01665 1.8438 376.00 825.1 1201.1 0.5675 0.9588 1.5263 375.14 1115.8 250 
. 0 1202.8 0.5879 0.9225 1.5104 392.79 1117.2 300. 
360° 134,63 0.01799 3.324 3,342' © 321.63 870.7 1192.3 0, : : 300 417.33 0.01890 1.5433 393.84 809. : Taasditavo: een 
360 = 153.04 0.01811 2.939 0 332.18 862.2 1194.4 O98 ost 1307 360 350 431.72 0.01913 1.3260 409.69 Las ee oceeia 0.8630 itaee ro 1118.5 400 
370 173.37 0.01825 2.605 2.625 © 342.79 853.5 1196.3 0.5286 10287 1.5573 390 AS Eg TR ie RS ie i = ge i ie on 455.5 1118.7 450 
$80 195.77 0.01836 2.317 «2.535 353.45 844.6 1198.1 0.5413 1/0059 1.6471 gap 450 456.28 0.0195 1.032 i ote SRR SST 1abea 47:6 iiie. 500, 
390 220,37 0.01850 2.0651 2.0836 364.17 835.4 1199.6 0.5539 0.9832 1.5371 390 Reacher OL.) OE ees ; 1.4542 458.8 1118.2 550 
; ; 460.8 743.1 1203.9 0.6608 0.7934 1.4 F 3 
400° 247.31 0.01864 = 1.8447" 1.8633 374.97 826.0 1201.0 ‘0, : , 0 550 476.94 0.0199 0.8424 : fee Soe Va aa a” ee 
410 276,75 ~——0.01878-—«1.6512 6709 385.83 B16|$. aunts Sine oer ae ee AB OC O66 Me TG Aes Com oll aoa iit oe 
420 308.85 0.01894 1.4811 1.5000 396.77 806.3 1203.1 0.5912 0.9166 1.5078 420 $50 B52 oLoo0s —orkgeA 491.5 709-7 1201.2 0.6925 0.7371 1.4296 488.8 1116.3 700 
430 343.72 0.01910 1.3308 1.3499 407.79 795.0 1203.8 0.6035 0.8947 114962 490 700 a oe oF 500.8 699.2 1200.0 0.7019 0.7204 1.4223 498.0 1115.4 750 
40 381.59 0.01926 1.1979 4.2171 418.90 785.4 1204.3 0.6158 0.8730 1.4887 440 ss ar ipa 688.9 6 0.7108 0.7045 1.4153 506.6 1114.4 800 
430: F 88.9' 1198.6 0. : 5 ; F 
450° 422.6 00194 1.0799 1.0993 430-1 774.5 1204.6 0.6280 0.8513 1.4793 480° me 28 ae | oer BBs 678.8 1197.1 0.7194 0.689 1.4005 515.0 1113.5 860 
460 466.9" 0.0196 0.9748 0.9944 441.4 763.2 1204.6 0.6402 0.8298 1.4700. 460 ee : : 0.5006 526.6 668.8 1195.4 0.7275 0.6744 1.4020 523.1 1112.1 900 
470 14.7 0.0198 0.8811 0.9009 452.8 751.5 1204.3 0.6523 0.8083 114606 ane BOO ee ort 534.6 659.1 1195-7 0.7595. 0.6602 1.3957 530.9 1110.8 960 
480 At 0.0200 0.7972 0.8172 464.4 739.4 1203.7 0.6645 0.7868 114513 don 900 ER Oiteis — Olaase 542.4 649-4 1191.8 0.7430 0.6467 1.3897 538.4 1109.4 1000 
400, 621.4 = 0.0202 0.7221 0.7423 476.0 726.8 120218 0.6706 ores tan 48% ee ee one 630.4 1187.8 0.7575 0.6205 1.3780 552.9 1106.4 1100 
; 7.4 ; 8 0. ; B ; . 
600° = 680.8 0.0204 0.6545 0.6749 487.8 = 713.9 1201.7 0.6887 0.7438 1.4325 500° rod 26-32 er oa es 611.7 1183.4 0.7711 0.5956 1.3667 306-7 oe im 
520 812.4 0.0209 0.5385 0.5594 ra eee-4 1198.2 0.7130 0.7006 1.4136 $20 ped 577.46 0.0227 0.3293 585.4 293-2 ee 0.709 0.5719 1.22 eae ae 
$00 11953 0.0277 Osseay San? hae tek ee Oe fan cee IR OR ST I ES MR nt er a eo 6.5269 1.3351 605.1 1091.2 1600 
wii mi ies: ak iene Oboe: fot Sean: <a 0.5009 1h ae 635.82 0.0257 0.1878 671.7 463.4 1135.1 0.0619. 0.4230 1.2849 “at iene pies 
600° 1542.9 0.0236 0.2432 0,268 617.0 548.5 1165.5 0.831, 0.5176 1.3307 600° ; 2000 G55 010287 «0.1307 730-6 eo Bee 0.3197 ee ee : 
620 1785.6 0.0247 0.1955 0.2201 646-7 03.6 1150.3 0.8396" 0.4664 1.5062 620 3000 695.36 0.0346 0.0858 802.5 217. 2:7 1.0580 0 1.0580 872.9 872.9 9206.2 
sme Soi See Ge Sue ins Ge Hee tee cae ie Fa ee 8 lees 
4 : 0.1165 0.1442 0.8987 0.3485 1.2472 
680 © 2708.1 0.0305 0.0810 O.1115 757-3 509.9 1067-2 0.9851 ocsyio fis, | Oe 5 
700° 3093.7 0.0369 0.0392 0.0761, 823.3 172.1 | 995.4 0.9905 0.1484 1.1389 700°! 
705.4 3206.2 0.0503 = 0 0.0503 902.7 0 902.7 1.0580 =o 1.0580 708.4 





TABLE 3, SUPERHEATED VAPOR 





Abs. Press. Temperature-Degrees Fahrenheit 
Lb./Sq.In. 
(Sat.Temp) 
200° 300° 400° 500° 600° 700° 800° 900° 1000° 1100° 1200° 1400° 1600° 
v 392.6 452.3 512.0 571.6 631.2 690.8 750.4 809.9 869.5 929.1 988.7 1107.8 1227.0 
i 1150.4 1195.8 1241.7 1288.3 1335.7 1383.8 1432.8 1482.7 1533.5 1585.2 1637.7 1745.7 1857.5 
(101.74) s 2.0512 2.1153 2.1720 2.2233 2.2702 2.3137 2.3542 2.3923 2.4283 2.4625 2.4952 2.5566 2.6137 
v 78.16 90.25 102.26 114.22 126.16 138.10 150.03 161.95 173.87 185.79 197.71 221.6 245.4 
5 bh 1148.8 1195.0 1241.2 1288.0 1335.4 1383.6 1432.7 1482.6 1533.4 1585.1 1637.7 1745.7 1857.4 
(162.24) s 1.8718 1.9370 1.9942 2.0456 2.0927 2.1361 2.1767 2.2148 2.2509 2.2851 2.3178 2.3792 2.4363 
v 38.85 45.00 51.04 57.05 63.03 69.01 74.98 80.95 86.92 92.88 98.84 110.77 122.69 
10h 1146.6 1193.9 1240.6 1287.5 1335.1 1383.4 1432.5 1482.4 1533.2 1585.0 1637.6 1745.6 1857.3 
(193.21) 3 1.7927 1.8595 1.9172 1.9689 2.0160 2.0596 2.1002 2.1383 2.1744 2.2086 2.2413 2.3028 2.3598 
v 30.53 34.68 38.78 42.86 46.94 51.00 55.07 59.13 63.19 67. 75.37 83.48 
14.696 hb 1192.8 1239.9 1287.1 1334.8 1383.2 1432.3 1482.3 1533.1 1584.8 1637.5 1745.5 1857.3 
(212.00) s 1.8160 1.8743 1.9261 1.9734 2.0170 2.0576 2.0958 2.1319 2.1662 2.1989 2.2603 2.3174 
v 22.36 25.43 28.46 31.47 34.47 37. 40.45 43.44 46.42 49.41 55.37 61.34 
a). oh 1191.6 1239.2 1286.6 1334.4 1382.9 1432.1 1482.1 1533.0 1584.7 1637.4 1745.4 1857.2 
(227.96) s 1.7808 1.8396 1.8918 1.9392 1.9829 2.0235 2.0618 2.0978 2.1321 2.1648 2.2263 2.2834 
v 11.040 12.628 14.168 15.688 17.198 18.702 20. 21.70 23.20 24.69 [27.68 30. 
40 h 1186.8 1236.5 1284.8 1333.1 1381.9 1431.3 1481.4 1532.4 1584.3 1637.0 1745.1 1857.0 
(267.25) 3 1.6994 1.7608 1.8140 1.8619 1.9058 1.9467 1.9850 2.0212 2.0555 2.0883 2.1498 2.2069 
v 7.259 8.357 9.403 10.427 11.441 12.449 13.452 14.454 15.453 16.451 18.446 20. 
60 h 1181.6 1233.6 1283.0 1331.8 1380.9 1430.5 1480.8 1531.9 1583.8 1636.6 1744.8 1856.7 
(292.71) s 1.6492 1.7135 1.7678 1.8162 1.8605 1.9015 1.9400 1.9762 2.0106 2.0434 2.1049 2.1621 
v 6.220 7.0, 7.797 8.562 9.322 10.077 10.830 11.582 12.332 13.830 15.325 
80 oh 1230.7 1281.1 1330.5 1379.9 1429.7 1480.1 1531.3 1583.4 1636.2 1744.5 1856.5 
(312.03) 1.6791 1.7346 1.7836 1.8281 1.8694 1.9079 1.9442 1.9787 2.0115 2.0731 2.1303 
v 4.937 5.589 6.218 6.835 7. 8.052 8.656 9.259 9. Il. 12.258 
100 =oh 1227.6 1279.1 1329.1 1378.9 1428.9 1479.5 1530.8 1582.9 1635.7 1744.2 1856.2 
(327.81) s 1.6518 1.7085 1.7581 1.8029 1.8443 1.8829 1.9193 1.9538 1.9867 2. 2.1056 
v 4.081 4.636 5.165 5.683 6.195 6.702 7.207 7.710 8.212 9.214 10.213 
120 =Ooh 1224.4 1277.2 1327.7 1377.8 1428.1 1478.8 1530.2 1582.4 1635.3 1743.9 1856.6 
(341.25) 1.6287 1.6869 1.7370 1.7822 1.8237 1.8625 1.8990 1.9335 1. 2.0281 2.0854 
v 3.468 3.954 4.413 4.861 5.301 5.738 6.172 6. 7.035 7.895 8.75y 
140) ~=h 1221.1 1275.2 1326.4 1376.8 1427.3 1478.2 1529.7 1581-9 1634.9 1743.5 1855.7 
(353.02) s 1.6087 1.6683 1.7190 1.7645 1.8063 1.8451 1.8817 1.9163 1.9493 2.0110 2.0683 
v 3.008 3.443 3.849 4.244 4.631 5.015 5.396 5.775 6.152 6. 7.656 
160 3h 1217.6 1273.1 1325.0 1375.7 1426.4 1477.5 1529.1 1581.4 1634.5 1743.2 1855.5 
(363.53) s 1.5908 1.6519 1.7033 1.7491 1.7911 1.8301 1.8667 1.9014 1.9344 1.9962 2.0535 
v 12.649 3.044 3.411 3.764 4.110 4.452 4.792 5.129 5. 6.136 6.804 
180 36h 1214.0 1271.0 1323.5 1374.7 1425.6 1476.8 1528.6 1581.0 1634.1 1742.9 1855.2 
(373.06) s 1.5745 1.6373 1.6894 1.7355 1.7776 1.8167 1.8534 1.8882 1.9212 1.983] 2.0404 
v 2.361 2.726 3. 3.380 3.693 4.002 4.309 4.613 4.917 5.521 6.123 
200 =o 1210.3 1268.9 1322.1 1373.6 1424.8 1476.2 1528.0 1580.5 1633.7 1742.6 1855.0 
(381.79) 1.5594 1.6240 1.6767 1.7232 1.7655 1.8048 1.8415 1.8763 1.9094 1.9713 2.0287 
v 2.125 2.465 2.772 3.066 3.352 3.634 3.913 4.191 4.467 5.017 5.565 
220 =h 1206.5 1266.7 1320.7 1372.6 1424.0 1475.5 1527.5 1580.0 1633.3 1742.3 1854.7 
(389.86) s 1.5453 1.6117 1.6652 1.7120 1.7545 1.7939 1.8308 1.8656 1.8987 1.9607 2.0181 
v 1.9276 2.247 2.533 2.804 3.068 3.327 3.584 3.839 4.093 4.597 5.1] 
240. =O 1202.5 1264.5 1319.2 1371.5 1423.2 1474.8 1526.9 1579.6 1632.9 1742.0 1854.5 
(397.37) s 1.5319 1.6003 1.6546 1.7017 1.7444 1.7839 1.8209 1.8558 1.8889 1.9510 2.0084 
Vv 2.063 2.330 2.582 2.827 3.067 3.305 3.541 3.776 4.242 4.707 
260 ~=h 1262.3 1317.7 1370.4 1422.3 1474.2 1526.3 1579.1 1632.5 1741.7 1854.2 
(404.42) s 1.5897 1.6447 1.6922 1.7352 1.7748 1.8118 1.8467 1.8799 1.9420 1.9995 
v 1.9047 2.1 2.392 2.621 2.845 3.066 3.286 3.504 3.938 4.370 
2800 ~=Ooh 1260.0 1316.2 1369.4 1421.5 1473.5 1525.8 1578.6 1632.1 1741.4 1854.0 
(411.05) s 1.5796 1.6354 1.6834 1.7265 1.7662 1.8033 1.8383 1.8716 1.9337 1.9912 
v 1.7675 2.005 2.227 2.442 2.652 2.859 3.065 3.269 3.674 4.07 
300 Oh 1257.6 1314.7 1368.3 1420.6 1472.8 1525.2 1578.1 1631.7 1741.0 1853.7 
(417.33) s 1.5701 1.6268 1.6751 1.7184 1.7582 1.7954 1.8305 1.8638 1.9260 1.9835 
Vv 1.4923 1.7036 1.8980 2.084 2.266 2.445 2.622 2.798 3.147 3.49 
350 Oh 1251.5 1310.9 1365.5 1418.5 1471.1 1523.8 1577.0 1630.7 1740.3 1853, 
(431.72) s 1.5481 1.6070 1.6563 1.7002 1.7403 1.7777 1.8130 1.8463 1,9086 1, 
Vv 1.2851 1.4770 1.6508 1.8161 1.9767 2.134 2.290 2.445 2.751 3.05 
400 ~=oh 1245.1 1306.9 1362.7 1416.4 1469.4 1522.4 1575.8 1629.6 1739.5 186 : 
(444.59) 5 1.5281 1.5894 1.6398 1.6842 1.7247 1,7623 1,7977 1,831) 1,8936 1,95) 
576 








TABLE 3. SUPERHEATED VAPOR (Continued) 
Temperature-Degrees Fahrenheit 


Lb./Sq.In. 


(Sat.Temp) 


450 
(456.28) 


500 
(467.01) s 


550 
(476.94) 
600 
(486.21) 
700 
(503.10) 
800 
(518.23) 
900 
(531.98) 
1000 
(544.61) 
1100 
(556.31) 
1200 
(567.22) 
1400 
(587.10) 
1600 
(604.90) 
1800 
(621 .03) 
2000 
(635.82) 
2500 
(668. 13) 
3000 
(695.36) 
3206 .2 
(705. 40) 
3506 
4000 
4500 


6000 


o< 


8 


od 


Sr“ ard aw eR Prd FR ee eg Oe UES ope ope Bed @rq @Eq @eq epg 


ecc 


500° 550° 600° 620° 640° 
1.1231 1.2155 1.3005 1.3332 1.3652 
1238.4 1272.0 1302.8 1314.6 1326.2 
1.5095 1.5437 1.5735 1.5845 1.5951 


660° 680° 700% 800° 900° 1000° 1200° 


1400° 1600° 


1.3967 1.4278 1.4584 1.6074 1.7516 1.8928 2.170 2.443 2.714 
1337.5 1348.8 1359.9 1414.3 1467.7 1521.0 1628.6 1738.7 1851.9 


1.6054 1.6153 1.6250 1.6699 1.7108 1.7486 1.8177 


1.8803 1.9381 


0.9927 1.0800 1.1591 1.1893 1.2188 1.2478 1.2763 1.3044 1.4405 1.5715 1.6996 1.9504 2.197 2.442 


1231.3 1266.8 1298.6 1310.7 1322.6 
1.4919 1.5280 1.5588 1.5701 1.5810 


0.8852 0.9686 1.0431 1.0714 1.0989 
1223.7 1261.2 1294.3 1306.8 1318.9 
1.4751 1.5131 1.5451 1.5568 1.5680 


0.7947 0.8753 0.9463 0.9729 0.9988 
1215.7 1255.5 1289.9 1302.7 1315.2 
1.4586 1.4990 1.5323 1.5443 1.5558 


1334.2 1345.7 1357.0 1412.1 1466.0 1519.6 1627.6 
1.5915 1.6016 1.6115 1.6571 1.6982 1.7363 1.8056 


1737.9 1851.3 
1.8683 1.9262 


1.1259 1.1523 1.1783 1.3038 1.4241 1.5414 1.7706 1.9957 2.219 


1330.8 1342.5 1354.0 1409.9 1464.3 1518.2 1626.6 
1.5787 1.5890 1.5991 1.6452 1.6868 1.7250 1.7946 


1.0241 1.0489 1.0732 1.1899 1.3013 1.4096 1.6208 
1327.4 1339.3 1351.1 1407.7 1462.5 1516.7 1625.5 
1.5667 1.5773 1.5875 1.6343 1.6762 1.7147 1.7846 


0.7277 0.7934 0.8177 0.8411 0.8639 0.8860 0.9077 1.0108 1.1082 1.2024 1.3853 


1243.2 1280.6 1294.3 1307.5 
1.4722 1.5084 1.5212 1.5333 


1320.3 1332.8 1345.0 1403.2 1459.0 1513.9 1623.5 
1.5449 1.5559 1.5665 1.6147 1.6573 1.6963 1.7666 


0.6154 0.6779 0.7006 0.7223 0.7433 0.7635 0.7833 0.8763 0.9633 1.0470 1.2088 


1229.8 1270.7 1285.4 1299.4 
1.4467 1.4863 1.5000 1.5129 


1312.9 1325.9 1338.6 1398.6 1455.4 1511.0 1621.4 
1.5250 1.5366 1.5476 1.5972 1.6407 1.6801 1.7510 


0.5264 0.5873 0.6089 0.6294 0.6491 0.6680 0.6863 0.7716 0.8506 0.9262 1.0714 


1215.0 1260.1 1275.9 1290.9 
1.4216 1.4653 1.4800 1.4938 


1305.1 1318.8 1332.1 1393.9 1451.8 1508.1 1619.3 
1.5066 1.5187 1.5303 1.5814 1.6257 1.6656 1.7371 


0.4533 0.5140 0.5350 0.5546 0.5733 0.5912 0.6084 0.6878 0.7604 0.8294 0.9615 


1198.3 1248.8 1265.9 1281.9 
1.3961 1.4450 1.4610 1.4757 


1297.0 1311.4 1325.3 1389.2 1448.2 1505.1 1617.3 
1.4893 1.5021 1.5141 1.5670 1.6121 1.6525 1.7245 


1737.1 1850.6 
1.8575 1.9155 


1.8279 2.033 
1736.3 1850.0 
1.8476 1.9056 


1.5641 1.7405 
1734.8 1848.8 
1.8299 1.8881 


1.3662 1.5214 
1733.2 1847.5 
1.8146 1.8729 


1.2124 1.3509 
1731.6 1846.3 
1.8009 1.8595 


1.0893 1.2146 
1730.0 1845.0 
1.7886 1.8474 


0.4532 0.4738 0.4929 0.5110 0.5281 0.5445 0.6191 0.6366 0.7503 0.8716 0.9885 1.1031 


1236.7 1255.3 1272.4 
1.4251 1.4425 1.4583 


1288.5 1303.7 1318.3 1384.3 1444.5 1502.2 1615.2 
1.4728 1.4862 1.4989 1.5535 1.5995 1.6405 1.7130 


1728.4 1843.8 
1.7775 1.8363 


0.4016 0.4222 0.4410 0.4586 0.4752 0.4909 0.5617 0.6250 0.6843 0.7967 0.9046 1.0101 


1223.5 1243.9 1262.4 
1.4052 1.4243 1.4413 


1279.6 1295.7 1311.0 1379.3 1440.7 1499.2 1613.1 
1.4568 1.4710 1.4843 1.5409 1.5879 1.6293 1.7025 


1726.9 1842.5 
1.7672 1.8263 


0.3174 0.3390 0.3580 0.3753 0.3912 0.4062 0.4714 0.5281 0.5805 0.6789 peas 0.8640 


1193.0 1218.4 1240.4 
1.3639 1.3877 1.4079 


1260.3 1278.5 1295.5 1369.1 1433.1 1493.2 1608.9 
1.4258 1.4419 1.4567 1.5177 1.5666 1.6093 1.6836 


1723.7 1840.0 
1.7489 1.8083 


0.2733 0.2936 0.3112 0.3271 0.3417 0.4034 0.4553 0.5027 0.5906 0.6738 0.7545 
1187.8 1215.2 1238.7 1259.6 1278.7 1358.4 1425.3 1487.0 1604.6 1720.5 1837.5 
1.3489 1.3741 1.3952 1.4137 1.4303 1.4964 1.5476 1.5914 1.6669 1.7328 1.7926 


0.2407 0.2597 0.2760 0.2907 0.3502 0.3986 0.4421 0.5218 0.5968 0.6693 


1185.1 


1214.0 1238.5 1260.3 1347.2 1417.4 1480.8 1600.4 


1717.3 1835.0 


1.3377 1.3638 1.3855 1.4044 1.4765 1.5301 1.5752 1.6520 1.7185 1.7786 


0.1936 0.2161 0.2337 0.2489 0.3074 0.3532 0.3935 0.4668 0.5352 0.6011 
1145.6 1184.9 1214.8 1240.0 1335.5 1409.2 1474.5 1596.1 1714.1 1832.5 
1.2945 1.3300 1.3564 1.3783 1.4576 1.5139 1.5603 1.6384 1.7055 1.7660 


0.1484 0.1686 0.2294 0.2710 0.3061 0.3678 
HEP yen tg 1303.6 1387.8 1458.4 1585.3 
-268; 


0 
gt te 267.2 


84 re ee 0.2476 0.3018 
1966 I 


0.4244 0.4784 
1706.1 1826.2 


-3073 1.4127 1.4772 1.5273 1.6088 1.6775 1.7389 
.09 


0.3505 0.3966 


365.0 1441.8 1574.3 1698.0 1819.9 
-3690 1.4439 1.4984 1.5837 1.6540 1.7163 


250.5 1355.2 1434.7 1569.8 1694.6 1817.2 


R 


2s 


0.0276 0.079 
753.5 1113. 
0.9235 1.2204 


0.0268 0.0593 0. 
746.4 1047.1 1 
0.9152 1.1622 1.3231 


0 
1 
1 
059763 9.086) 45s hi ‘ 
0/9000 171008 13980 tosaa | 


eNO SI 


077 


eg 0.1981 0.2288 0.2806 0.3267 0.3703 
1 1.4309 1.4874 1.5742 1.6452 1.7080 
Fs Poi 0.2546 0.2977 0.3381 
| l 


424.5 1563.3 1689.8 1813.6 
4723 1.5615 1.6336 1.6968 


1681.7 1807.2 
1.6154 1.6795 
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Absolute temperature scale, 28 
Absorption refrigeration, 565-6 
Acceleration, 8, 436 
Accumulator, 242 
Ackroyd-Stuart Oil engine, 488 
Adiabatic, 18 
irreversible, 39 No. 2; 40 No. 24, No. 
25; 80 No. 25-No. 33, 547 
reversible, 40 No. 19; 84; 92 No. 11- 
No 15 
Admiralty metal, 320 
Admission of steam, 44, 99 
defined, 95 
Advantages of Diesel, 490 
Advantages of gas turbine, 534-5 
Agitation (mixing, turbulence) 428, 430, 
432, 491-4 
Air, standard temperature, 455 
absolute humidity, 152, 384 
condensate heating, 332 
dew point, 384 
dry pump, 329 
ejector, 331-2 
excess air, 150, 178 
heater, 223, 245 
infiltration, 213 
injection, 495 
properties, 375 
refrigeration, 557 
relative humidity, 152, 384 
required to burn, 144, 148, 159, 160 
Air steam jet, 331-2 
theoretical, 150 
Air pump, 329-32 
hurling-water, 329-30 
reciprocating dry air, 329 
steam jet, 331-2 
Air removal, 328-31 
temperature effect, 320 
Air use factor, 150 
Airplane engine, 477-84 











Aleo-Buchi oil engine, 516-17 
Alloy blades for gas turbine, 542-3 
Angle-compound engine, 43 
Angle eccentric, 116 
Aniline equivalent, 427 
API scale, 422 
Aromatics, 426 
Ash, 122, 123 

fly, 179, 203 

fusion, 175 
Asphalt base oil, 133 
ASTM distillation, 412 
Atmospheric line, 101, 396, 417 
Automobile engine, 473-77, 484-5 
Available energy, 28 
Avogadro’s law, 36 


B for gases, 36, 375 
Barometric condenser, 325-6 
Barometric pressure, 13 
Bar, 11 
Battery cut-out, 460 
Bearing, Kingsbury thrust, 275, 276-80 
loss, 284 
Beau de Rochas, 416 
Benzol, 421 
Bergius, 121, 137 
Binary-vapor cycle, 349 
Blade (of turbine), 271-3, 307-14 
efficiency, 310, 314 
fastening, 273 
fixed, 273, 311-2, 313 
force on, 809, 310 
length, 273 
losses, 284 
moving, 311-3 
reaction, 272-3, 313-4 
speed ratio, 265, 313 
velocity, 313 
velocity-compounded, 264-8, 311-2 
Blast furnace gas, 420 
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Bleeder turbine, 282-3 
Bleeding steam, 282-3, 344-6 
Blow down, 232 
Boiler, Benson, 235 
bent-tube, 218 
circulation, 222 
critical pressure, 235 
cross-drum, 218 
efficiency, 77, 224. 
fire-tube, 215 
heat flow, 220 
HRT, 174, 212 
La Mont, 236 
locomotive, 214 
longitudinal-drum, 216 
mercury, 236 
mud ring, 183 
performance, 237 
Scotch, 213 
Velox, 236 
water leg, 213 
water-tube, 215 
Boiling Point, 59 
Bone in coal, 128 
Bosch injection pump, 503 
Boyle’s law, 369 
Brake, 104 
Brake horsepower, 103-5 
corrected to standard, 484 
Brake mep, 485 
Brayton engine, 488 
Breeching, 173 
Bridge wall, 173, 176 
British thermal unit, 11 
Burner, combination, 205 
gas, 201 
oil, 204 
pulverized coal, 201 


Calorie, 11 

Calorific power, 169 

Calorific value, 16 

Calorimeter, 16, 42 
Mahler, Parr, 142 
Separating, 72 
Throttling, 74-6 

Carburetion, 431 
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Carburetor, 431-32, 438-42 
action, 438 
heater, 459 
Card, compressor, 415 
gas engine, 412-14 
steam engine, 100-3 
Carnot cycle, 26 
gas, 391 
steam, 90, 95 
Carry-over, 227, 232 
Centigrade, 9 
Centrifugal blower, 443 
governor, 113-5 
Cetane number, 427 
Charles’ law, 361 
Choke, 428, 433 
Circulating water, 321, 323, 325-6 
cooling methods, 338 
requirements, 325 
Clausius, 2nd law, 25 
Clinker, 175 
Clearance, defined, 103 
Closed feed-water heater, 344. 
Coal, analysis, 122 
burner, 201 
caking, 175 
composition, 122 
distribution, 127 
free-burning, 175 
furnaces, 202 
grindability, 195 
grindability index, 125 
heating value, 122 
history, 121 
lower heating value, 126 
production, 127-8 
pulverized, 124, 194-200 
reserves, 130, 131 
sizes, 128 
spontaneous combusiton, 130 
storage, 129 
utilization, 126 
Coefficient of heat transfer, 333 
of performance, 558 
Coke breeze, 129 
Coke oven gas, 420 
Combination cycle, 418 
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Combustible, 123 
analysis, proximate, 123 
ultimate, 123 
Combustion in engine, 450 
alcohol, 146 
amount, 140 
calorimeter, 142, 143 
carbon, 145 
chamber shape, 142 
coal, 144, 148, 149 
distillate, 147 
heat of, 16, 122, 125, 144 
hydrogen, 146 
pressure, 140 
products, 144 
requirements, 172 
water vapor, 143 
Comparison, compressor and engine, 550 
Diesel, with different sp hts, 405 
modified Diesel cycle, 40 
Otto cycle, 402 ' 
steam and gas power plants, 411, 412 
Compensating jet, 438, 439 
Completeness of combustion, on dead 
center, 452 
Compounding, 264-7 
Compression, 443 
and cyclic eff, 398, 399 
2-stage, 551, 556 
ratio, 444 
Compression, wet or dry, 560 
efficiency, (adiabatic) 549 
-ignition, 451 
process, 545 
temperature, 444 
Compressor power, 545 
intermediate pressure, 556 
valves, 550 
work of, 23 
Condensate, 320, 332 
sub-cooling, 320 
temperature leaving condenser, 318 
Condenser, 22, 446 
action, 317 
air, 317 
air removal, 328-9, 331-2 
baffle, 320 
barometric, 325-6 





Condenser, calculations, 382-4, 336 
corrosion, 321 
energy balance, 321 
heat transfer constants, 333-4, 336 
jet, 318, 322-5 
multiple-pass, 319 
single-flow, 321 
surface, 318-21 
total pressure, 317 
tubes, 321 
types, 318 
water friction, 337 
water required, 325, 338 
Condensing steam engine, 43, 54 
Condition curve, construction, 290 
use, 345 
Constant pressure combustion cycle, 417 
Continuity eq, 157 
Control, 250, 258 
Control nozzle, 302 
Control of compressor capacity, 550, 553 
Conventional diagram, 95 
n for expanding steam, 96 
ratio of expansion, 96 
Conversion of analyses, 155-6, 158 
Cooling, internal combustion engine, 462 
pond, 338 
towers, 338 
water, power plant, 338 
Corliss engine, 50-2 
Counterweights, 46, 480 
Crank and cylinder arrangements, air- 
plane engine, 477 
internal combustion engine, 466-8 
Crank end, 48, 46 
Crank pin, 44 
Critical temperature, 58 
Cross-compound engine, 43 
Cross head, 46 
Crown sheet, 213 
Cu ft per min per ton, 560 
Cummins injection nozzle, 510 
Curtis stage turbine, 267, 276 





Cut-off, 96 
governing, 109 
high-pressure cylinder, 99 
low-pressure cylinder, 99 
Cycle, 17 
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Cycle, binary-vapor, 349, 352 
bleeding, 343 
Carnot, 391 
Diesel, 399, 400, 403 
sag improvement, turbine plant, 

41 

full-admission, 82 
gas, 391 
Otto, 395 
Rankine, 84 
regenerative, 341, 343 
reheating, 342 

Cylinder, arrangement, 466-8, 46 
condensation, 95 
double-acting, 44 
intermediate pressure, 99 
low-pressure, 99 
wall temperature, 444 


Dalton’s law, 317 
Dash pot, 52 
Dead plate, 174, 185 
Dearator, 242, 351 
Density, 9 
Desuperheater, 242, 244 
Detonation, 461 
and valve location, 461-2 
Dew point, 165, 384 
Diagram, conventional steam, 95-7 
factor, 97 
vapor-compression refrigeration, 559 
Diaphragm, 270 
packing, 270 
Diesel engine 
advantages, 490 
characteristics, 489, 490 
compressor, 55-45 
cycle, 417 
disadvantages, 491 
field, 490 
fuel, 428 
fuel pump, 503-4 
history, 488-9 
ignition, 491-4 
injection valve, 495, 498-503 
marine, 294-5 
Dilution of fuels, 141 
Diolefins, 425 








INDEX 


Direct expansion refrigeration, 564 
Draft, 255-8 
Displacement, piston, 54, 96 
Double-acting, 97-8 
Drips, condensate, 344. 
Drum, 273 

indicator, 100 

turbine, thrust, 277 
Dulong’s formula, 125 
Dummy piston, 275, 278-9 
Dutch oven, 177 
Dyne, 9 


Eccentric, 48, 51 
Eccentricity, 48 
Economizer, boiler, 223, 243, 249 

carburetor, 438, 440 
Efficiency, boiler, 77 

Carnot, 26 

Diesel cycle, 399 

engine, 107 

engine, turbine, 287-8 

generator, 288, 291 

internal turbine, 283 

loss, 105 

mechanical, 105 

Otto cycle, 398 

Rankine ratio, 107 

reversible, 27 

stage, turbine, 285 

thermal, 106 

variation in Otto, 399 
Embrittlement, 229 
Energy, 8 

available, 28 

flow work, 19 

general eq, 17, 19, 20 

internal, 15 

kinetic, 113 

mechanical, 113 

potential, 19 

unavailable, 35 
Engine efficiency defined, 107 
Engines, steam 

action in using steam, 43 

center crank, 44 

characteristics, 42 

compound, 43, 99, 100 





Engines, steam, condensing, 43 
Corliss, 50-2 
cylinder condensation, 52 
field of use, 42 
incomplete expansion, 94 
indicator with, 100-3 
initial condensation, 95 
losses, 95 
method of action, 43 
over-and under-running, 49 
parts, 44-8 
performance, 108-9 
re-evaporation, 95 
right hand, 49 
steam distribution, 43-4 
unaflow, 53-6 
Enthalpy, 20 
enthalpy-entropy diagram, 63, 365 
variation with ¢ and p, 374 
Entropy, conception, 29 
change, 30 
diagram, 31 
entropy-enthalpy diagram, 63 
isentropic, 8, 367 
significance, 34 
Equilibrium-air distillation, 423 
Equivalent evaporation, 77 
Ethyl alcohol, 144, 146, 422 
Evaporation, 69-70 
line, 58, 59 
Evaporator, 243 
Excess air ratio, 150 
Exhaust steam, 95, 109 
Expander (refrigeration), 557 
Expansion coils for refrigeration, 564 
Expansion ratio, 452 
Explosion cycle, 4-stroke, 417 
Extraction heater, 344-5 
Extraction of steam, 282-3, 349, 350 


Factor of evaporation, 77 
Fan, centrifugal, 547 
Feed water, 65 
compressed, 66 
direct contact, 357 
extraction heating, 343-5 
heater, 241-2, 283-4 
treatment, 226 
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Field of Diesel, 490 
Field of the internal combustion engine, 
411 
Fins for cooling, 480-1 
Firebrick, 176 
First law of thermodynamics, 13, 17 
Firing, methods, 180 
rates, 175, 184, 194 
order, internal combustion engine, 508 
Flame speed, 452 
Float for carburetor, 4382 
Flow work, 19 
Flue gas analysis, 152, 159, 160 
Flues, 173 
Flywheel, 44, 46, 115 
Forced circulation, 222 
Friction horsepower, 103 
Fuel, 118 
analysis of solid, 144 
Bergius process, 121 
data, 143 
dilution, 141 
distribution, 119, 120 
gaseous, 154, 420 
liquid, 132-8, 154, 421-9 
solid, 121-32 
transition, 121 
types, 143-9 
Full admission cycle, 82 
Furnace, 172 
construction, 206 
dry-bottom, 203 
heat absorption, 207 
pulverized coal, 202 
slag-tap, 203 
water-cooled, 206 
wet-bottom, 203 





Gage pressure, 12 

Gallon, 8 

Gas constant, 375, 381 

Gasoline pump, 459 

Gas turbine and compressor, 523 
field of use, 522 
heat balance, 530 
regenerative cycle, 524 

General energy equation, 20 

General gas constant, 875 
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General gas law, 35-37, 361 
General gas law, proof, 361 
General Motors oil engine, 514 
Generator cut-out, 460 
Gland, 47 
Governing, 48, 112-116 
automatic, 115 
int comb. eng, 458 
throttling, 109-11 
Governor, 50, 116, 266, 269-70 
Bosch pump, 504-5 
centrifugal, turbine, 114 
fly-ball, 50, 113 
General Motors, 503 
oil pressure, 269-70 
Grain alcohol, 421 
Gram, 9 
Grates, 174 


Head, pressure, 11, 47 
Head end, steam cylinder, 43 
defined, 46 
Heat, 15 
balance, 165, 356 
balance, boiler, 166 
exchanger, 240 
flow, 220 
from analysis, 125 
losses, 165-8 
of combustion, 16, 142 
of combustion, coal, 122 
of superheat, 72 
rate, defined, 106, 333 
station, 353-5 
turbine, 353-5 
values, 353-5 
supplied, engine, turbine, 106 
to liquid, 70 
transfer, v constant, 367 
unit, 11 
Heating, surface, 221 
exhaust steam, 109-11 
Higher pressure, temperature, 341 
Horsepower, brake, 103-5 
calculation, 97-8 
computation, 463 
delivered, 104 
drawbar, 57 
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Horsepower, double-acting eng, 97-8 
per ton of refrigeration, 560 
hs diagram, 62, 111, facing page 578 
Humidity, 152, 382 
Hydrogen, free, 125 
combined, 125 







Ideal compressions, 546 
Ideal refrigeration cycle computation, 
563-4 
Ignition, 445-6 
magneto, 448 
quality, 421, 428 
t and p prior to ignition, 506 
Impellor of jet engine, 538 
Incubation period, 450-451, 506 
Indicated horsepower, 102-3 
Indicator, 100-101 
atmospheric line, 101 
diagram, 44, 100-3 
Inductance coil, 446 
Induction, 428, 431 
Induction, gaseous fuels, 429 
Initial condensation, 52, 94-5 
Injection, nozzle, 500 
by air, 495-7 
mechanical, 497-505 
phases, 506 
Injector, 252 
Intermediate pressure, 2-stage compressor, 
551 
Internal efficiency, turbine, 285 
Internal energy, 15 ' 
Internal energy of a gas, relation to tem- 
perature, 363 
Internal energy of a gas variation with ¢ 
and p, 375 
International Harvester oil engine, 517-9 
Irreversible adiabatic compression, 547 
Isentropic, 31, 372 
Isothermal, 26 
for gas, 369 
for steam, 59 
for water, 60 





Jet condenser, 322-5 
barometric, 325-6 
Joule, 10 





Joule’s law, 362-3 
Journal, shaft, 46, 275 


k, 365 
Keenan-Keyes steam tables, 574-7 
Kelvin temperature scale, 28 
Kilowatt, 11 
Kinetic energy, 14 

ke, 19 
Kingsbury thrust bearing, 275, 277-80 


Labyrinth packing, 270 
Latent heat, 70 
Liberty ship, 55 
Locomotive, 
Diesel, 515, 490 
gas turbine propelled, 531-5 
steam, 56-7 
tractive effort, 56, 214, 298-9 
Losses, 
engine, 95, 103 
exhaust, 95 
friction, 103 
incomplete combustion, 162 
moisture, 164 
steam power plant, facing 262, 353 
turbine, 284-5 
Lower heating value, 125 
Lowering steam back pressure, 341 
Lubrication, 49, 275 


Make-up water, 357 

Manifold, 437 

Manometer, 12 

Marine propulsion, 294-8 

Mass, 8 

Maximum pressure, internal combustion 
engine, 452 

Maximum temperature of mediums, steam 
and gas, 411 

Mean effective pressure, internal com- 
bustion engines, 394-5, 401-7, 485-6 

Mean effective pressure, steam engines, 96 

Mean ordinate, 102 

Mean temperature difference, 334-5 

Mechanical efficiency, 105 

Mechanical energy, 13 

Mechanical injection, 407 
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Medium, 16 
for power requirements, 349 
Mercury, boiler, 236, 353 
vapor cycle, 352-3 
vapor, properties, 352 
Metering, 433 
Mill, capacity, 195 
impact, 197 
roller, 198 
tube, 196 
Mixing in Diesel, 491 
Mixture, enrichment, 485-6 
gaseous, 380 
Mol volume, 36, 37 
Molecular weight for gases, 36 
Mollier chart, 62, 111 
chart facing 578 
Mouth, nozzle, 305 
Mud ring, 183 
Muntz metal, 320 


Napier’s formula, steam flow, 307 
Natural gas, 420 
Non-flow energy equation, 17 
Non-flow process, 18, 364 

table, 373 
Nordberg Diesel engine, 512-4 
Nozzle, 302-7 

efficiency, 305 

losses, 284 

over-expansion, 306 

ring, 267, 270 

throat, 264, 302 

throat pressure, 265, 304-6, 307 

under-expansion, 306 


Octane rating, 427, 461 
Oil, composition, 133 
injection methods, 497 
production, 182, 135 
refining, 135 
resources, 131, 182 
Oil, types, 133 
uses, 135 
wells, 185 
Open feed-water heater, 344, 346 
Operating characteristics, Nordberg en- 
gine, 511 
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Opposed-piston 2-cycle engine, 509 

Ordinate, mean, 102 

Orsat apparatus, 152 

Otto cycle, 395 

Outward-opening nozzle, 500 

Over-all boiler efficiency, 77 

Over-all compressor efficiency, isothermal 
efficiency, 549 


Packing, corset lacing, 321 
diaphragm, 270 
Partial pressures, 317-8 
Pass, 216 
Path (on diagram), 29 
Performance, refrigerating plant, 485 
steam engine, 108-9 
turbine, 290-3 
ph chart for ammonia, 573 
Pintle type Excello nozzle, 498 
Piston, area, 97 
displacement, 54, 96, 103 
face, 43 
rings, 47 
speed, 98 
Planimeter, 102 
Plank’s statement of Second Law, 25 
Polytropic, 370, 373 
summary, 374 
Pond, spray, 338 
Potential energy, 15, 19 
Pound-mol, 36 
Power, 10 
Power plant costs, 341 
Pressure, 11 
Pressure gage, 12 
Pressure-head, 11 
Pressure loss in heaters, 345 
Prony brake, 104—5 
Properties, 
air, 568-72 
ammonia, 573 
Properties, common gases, 36 
liquid fuels, 422 
mercury, 352 
steam, 574-8 
Proximate analysis, 122-4 
Pulverized coal, 124, 154. 
Pulverizer, 196 








Pump, 250 
card, 2-cycle, 415 
condensate, 325 
condenser, air, 325 
condenser, circulating, 325 
nozzle, unit type, 502 
wet-vacuum, 323 
work, 23 

Pumping engines, 110 


R, universal gas constant, 36 
Radiation in turbines, 285 
Rankine cycle, 84 

examples, 88 

initially dry steam, 85 

problems, 92 

work and efficiency, 86 
Rankine, size degrees defined, 10 
Rateau stage turbine, 267 
Rates, heat and steam, 106-9 

for turbine, 290-3 

of heat flow, 452 
Ratios of expansion and compression, 96 
Re-action blading, 272-3 

turbine, 272-5, 280, 313 
Reciprocating compressor cycle, 548 
Reducing motion, 100, 101 
Reduction gearing, 296 
Re-entry type turbine, 267 
Refining petroleum, 135 

hydrogenizing, 137 
Refrigerants, 561-2 
Refrigerating effect, 557 
Refrigeration, four processes in four ma- 

chines, 567 

Refuse from combustion of coal, 157 
Regenerative cycle, 343-51 
Regimes for airplane engine, 457 
Reheater, 222, 247, 342 
Reheat factor, 285, 287 
Reheating, 341-2 

reheating cycle, 342 
Release, 44 
Requirements for combustion, 153 
Reversible adiabatic, 372 
Reversibility, 17 
Reversing turbines, 296, 299 
Roots blower, 443, 454 





Rotor, GE jet engine, 537 
Rotor, steam turbine, 275-6 


Scale, 226 
Scavenging, 454 
Seal, labyrinth, 270 


Second law, thermodynamics, 24, 25 


Sensible heat loss, 163 
Separator, oil, 49 
Setting, 174 
Ship propulsion, 294-8 
Ship weights, 297 
Slag, 225 
Slide-valve engine, 48, 47 
Slug, 9 
Smoke, 179 
connection, 173 
Soot, 224 
Spark ignition, 451-2 
Specific gravity, 9 
Specific heat, 31, 36, 375, 390 
Sp ht variation, 374-5 
Specific volume, 9, 36 
Speed, 263 
Spray nozzle, cooling pond, 338 
Spring scale of indicator, 101-2 
Stack, 173, 256 
Stage of turbine, efficiency, 285 
single-pressure, 264 
velocity-compounded, 264-6 
Standard air conditions, 484 
Standard atmosphere, 455 
Stand-by, 177 
Starting gas engine, 461, 507 
Starting gas turbine, 534 
Steady-flow process, 19 
Steady-flow equation 
Steam, 58 
boiling point, 58 
calorimeter, 72-4 
constant pressure, 61 
dome, 60 
engine, 22 
exhaust heating, 109 
extraction or bleeding, 3438-5 
flow formulae, 307 
quality, 64 
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Steam, rate, engine or turbine, 106, 108, 


109, 291-5 

saturated, 59 

superheated, 65 

velocities in blades, 284, 313 

velocity calculations, 302-3 
Stoker, 181-194 

chain grate, 176 

overfeed, 180 

spreader, 176, 184 

underfeed, 176 
Supercharger drive, 483 


Superchargers, 445, 454-6 
Supersaturation, 306 
Swirl, 492 


Synthetic fuels, 137 


Tables of properties, 

air, 568-72 

ammonia, 573 

common gases, 36 

liquid fuels, 422 

mercury, 352 

steam, 574-8 
Tail pipe, condenser, 325 
Tandem-compound, 43 
Tare, brake, 104-5 
Temperature, 9 

combustion, 150 

loss, heaters, 346 

rise, heaters, 346 

scales, 10 
Test of gas turbine, 528-9 
Theoretical air, 150 
Thermal efficiency, 106-7 
Thermodynamics, 8 
Three-stage injection compressor, 496 
Throat of nozzle, 302, 304-7 
Throttling, 52 

governing, 115 

steam, 110-2 
Time of combustion, 452 
Time to reach maximum pressure, 416 
Ton of refrigeration, 560 
Topping station, 275 
Tractive effort, locomotive, 56-7, 214, 

298-9 

Transportation, 55-6 
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Turbine rotor, jet engine, 5389 
Turbine, steam, 
blade velocity, 264-5 
bleeder, 282 
compound, 276-7, 296 
condition curve, 290 
Curtis, 266-7, 276 
double-flow, 277-8 
engine efficiency of, 287-8 
extraction, 282-3 
field of use, 293-4. 
high pressure, 276 
impulse, 264-71 
locomotive, 298-9 
losses, 284—5 
low-pressure, 277, 280 
mixed-pressure, 281-2 
nozzles, 264-5, 302-7 
Parsons, 274. 
partial admission, 269 
performance, 290-4 
reaction, 263, 273-5, 280 
re-entry type, 267 
steam engine compared, 263 
steam velocity, residual, 288 
steam volume increase, 269 
superposed or topping, 275 


velocity-compounded, 264-8, 311-2 


Turbo-supercharger, 455 


Turbulence, 428, 430, 432, 453, 491-4 


Twin-radial crank shaft, 478 


Two-stroke cycle engine, 412-16 


Types of refrigeration, 556 


Ultimate analysis, 122 
Unaflow engine, 53-5 
Unavailable energy, 29 
Under-running, 49 


Vacuum, 12 

Valve, steam, 
balanced, 48 
balanced poppet, 55 
Corliss, 43 
double-ported, 48 
D-slide, 43 
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Valve, steam, gear, 48 
pilot, 269-70 
piston, 50 
slide, 48 
Valve timing, internal combustion engine, 
474 
Vapor lock, 461 
Vapor refrigeration plant, 564-5 
Variation of efficiency with sp ht, 418 
Velocity, absolute, 307-10 
blade, 307, 313 
compounded turbine, 265-8 
head in carburetor, 433 
relative, 308 
residual loss, 288 
Stage turbine, 265-8 
triangles for turbine blades, 308, 312, 
313 
whirl, 309 
Venturi, 433, 441 
Viscosity, 427 
Volatile liquid fuels, 421 
Volumetric efficiency, 453 






Waste energy, 29 
Water, circulating, temperatures, 334-5 
compressed, 65 
cooling, 338-9 
power, 293-4 
sub-cooled, 66, 320 
walls, 206 
Watt, 10 
Weak spring card, 453 
Weight, 8 
Wet bulb thermometer, 382 
Wet steam, 60, 64 
Westinghouse turbojet engine, 541 
Whittle jet engine, 535, 536 
Willans line, 109 
Wilson line, 306 
Wire drawing, 52 
Work, 10, 13 
on turbine blades, 309-10 
Wright engine, 477-83 
Wrist pin, 46 
Wrist plate, 50 











